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Introduction

There are several reasons why the development of ion-molecule reactions strategies offers a promising

tool for solving fundamental/analytical problems.

* Speed

« Efficiency

» Small quantities of reagents are needed

* Awide set of analytes can be investigated

* Intermediates labile in solution can be isolated and examined

With the availability of MS", reaction pathways, mechanisms, thermodynamic parameters, kinetic aspects,

and reactant/product structures can be explored in detail by multistep experiments.
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Experimental Overview 2
3
» Addition reaction S
>
+ Consecutive reactions E
g
* FT-ICR MS equilibria m
©
e Test of achieving equilibrium: change the pressure %-
* Test of achieving equilibrium: reversibility %
«  Equilibrium? No! An unreactive fraction!!! ©
s
» Advanced kinetics models c
2
+ H/D Exchange =
5 o))
<
5

Subject
=1
Abd =3
R 100% 3
F F 10 10er T [CasHgF20Fe"" N, %
. o 5
R R 1200 T
F F & 102&13133643 %’_
5
“ @
R A pa% 10;3 ég;nzg U
102598203, 2-11% 1 2 26% e
5,10,15,20-Tetrakis(pentafluorophenyl)-21H,23H-porphyrin 102698520 103098600 =
iron(l1l) chloride = [(TPFPP)Fe']* W2 1026 1027 1028 1028 1030 1031 1032 miz g
7]
%)
=3
s
i
@
%)
=
S
3
6 Q
<

6



FT-ICR MS kinetics: data analysis

Intens.
x108[1027.97796

Time=0.07s

Salvataggio automatico
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D 5 Caratere 5 Alineamento
T
4 ss - £
)
s
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1027.97796 18 1 024 1 124 1935484 80.64516 @
19 12 0138 1 1138 1212654 87.87346
5 20 15 009 1 100 8256881 9174312
21 2 0034 1 1034 3288201 967118 %2
22 25 00N 1 1011 1088032 9891197 %
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Dataset uploading in gmkin software
=
Projects & Project || Dataset || Model | Configuration || Result Workflow || Data | Modelgallery | Plot | Manuals | Changes 8
Neme Souree New dataset | o [ Kesp changes Kinetic data o
FOCUS_2006 gmkin pack. =
- name time value override e o
FOCUS_2006_Z ngkm pack. Dataset title New import x1028 0.00000 100.00000 1.00000 =
Sampling times: 0,01,02,03,04,0508,07,08,09,1,12 13,15 17, 2, 2. X1028 0.10000 9276438 1.00000 g
- (W oo xtozs 0.20000 ss43002 1.00000
I = xtozs 0.30000 s2.to181 1.00000
' ¥1028 0.40000 76.92308 1.00000 I
Observed 1026, X1086 xtozs 0.s0000 45377 1.00000 2
unit: x1028 0.60000 67.56757 1.00000 Q
xaozs 070000 Y L0000 s
Generate grid for entering kinetic data X1028 0.80000 59.03188 1.00000 g
X1028 0.50000 54.64481 1.00000 rD
Upload text fie Browsea.
xtozs 1.00000 5208333 1.00000
Models Upload X1028 1.20000 42.52874 1.00000 I-I-l
x1028 1.30000 3055558 1.00000 X
+tine;1028;1086 X1028 150000 28,5746 1.00000 e}
0510050 xtozs 1.70000 2125084 1.00000 ®
©.1;92.76437848;7.235621521 X1028 2.00000 21.87500 1.00000 §
9.2;86.43042351;13 568575649 xtozs 250000 1738537 1.00000 >
SR A SRR X028 3.00000 1356558 1.00000 >
xtozs 3.50000 1228070 1.00000 @
X1028 4.00000 7.06320 1.00000
= xtozs 5.00000 201802 1.00000
X1028 10.00000 0.00000 1.00000 m
R Crmenines [0 S
" X1088 0.10000 723362 1.00000 e =
Results Colemn remes: Page [1 | oft Displaying rows 1- 44 of 44 5
Separator: i s -
(0]
Decimal: ~
Format: ® wide

Fovered by QWIdgetsWWW2 (ExtJS, Rook) and mkin (FME, desolve and minpack.Im) - Working directory is C:/Users/AlessandroGaio/Documents
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Model setting 5
D
=
=t
Gastcoty & Project || Dataset | Model || Configuration | Result Workflow || Data || Modelgallery | Plot | Manuals | Changes o
Name Source =
New model | Copy ol | Keep changes o
FOCUS_2006 gmkin pack. parent parent parent parent =3
FOCUS_2006_2 ‘gmin pack. Model name: New mode! SFO, sink | |[FOMC, sink| | DFOP, sink HS, sink o
- : 5
: ot e Use of formation | i -
A wrking dire. fractions:
. - SFO, no mets FONC, no mets DFOP, no mets HS, no mets
Datasets
New import %1028 ~llsr0 I~ to [xi08s ~| [FIsink parent parent parent parent
SFO, sink | |[FOMC, sink| | DFOP, sink HS, sink
X1086 v|sFo vt xioz v| Clsink Remove observed variable \l/
Al A1 A1 A1
SFO, sink | |[FOMC, sink| | DFOP, sink HS, sink
ity 5RO, one met FOMG, one met. DFOP, one met HS, one met
New madel

Possible models
* SFO = Single First Order
Configuration

Current dotases * DFOP = Double First Order in Parallel

Current mode!

Configure fit
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Results — H H
* FOMC = First-Order Multi-Compartment SFO, two parallel me| | FOMC, two paralllr| | DFOP, two parallel ] | S, two paralll m
. parent parent parent parent
* HS = Hockey-Stick SFO, sink FOMC, sink DFOP, sink HS, sink
- (- 1 (- 1 [ 1 - 1 -
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Fitting configuration 5
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= o
Simie a Project || Dataset || Model || Configuration | Result Workflow | Data | Model gallery | Plot | Manuals | Changes o
c
Name Source. ESSSS Kinetic data o
Focus 2008 gmian pack. name time value override e =2
rocus 2062 o pack. Fit configured and ready to run o
L - X1028 0.00000 100.00000 1.00000 >
! T [7] Plot during the fir transform_rates wmf x1028 0.10000 5276438 1.00000
A working dire.
- et solution_typs: | desol v || @] transform _fractions X102 020000 8643002 200000 T
om proes = et — 1025 030000 21081 100000 >
et X1028 0.40000 76.92308 1.00000 a
ol 110 TRLS: none A X1028 0.50000 7246377 1.00000 E
method.modFi Port | v | reweight.tol: 1e-8 X1028 0.60000 67.56757 1.00000 m
maxit.modFit: auto reweight.max.iter: |10 LS 0000 (CREEED jLoo00y a
X1028 ©.80000 59.03188 1.00000
Get starting parameters from || Piot unoptimissd L) 0.00000 CaCEA L0000
X1028 100000 5208333 100000 m
== (St pommsters 1028 120000 4252674 100000 %
New model Name Type Initial Fixad Optimised X1028 1.30000 30.55556 1.00000 oD
R 1025_0 sate 10000000 TRUE 1028 150000 295774 1.00000 =
e m
X1086_0 smte 000000 TRUE x1025 170000 2125564 100000 3
k_X1028_x1086 deparm 010000 FALSE x1028 2.00000 21.87500 1.00000 @
. X1028 3.00000 13.56958 1.00000 %]
Solution type Methods waozs 350000 122070 ~00000
Configurati X1028 4.00000 7.06320 1.00000 m
x1025 5.00000 201892 100000
New import « DeSolve * Port S
New model X1026 1600000 0.00000 1,00000 =
== xaoes 00000 000000 200000 s
— . E |g en . M arq X1086 010000 7.23562 1,00000 g
Page [1 | of1 2 Displaying rows 1 - #4 of 44 D
Temporary (ot fittd)
* Analytical *« SANN 0
=
* Auto 3
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Solution types and Fitting methods

Solution Types

» If set to eigen, the solution type is based
on the spectral decomposition of the
coefficient matrix (where is possible)

ode

« If set to deSolve, a numerical

(ordinary differential equation) is used

« If set to analytical, an analytical method is
applied to solve differential equations

« If set to auto, the best solution type is
applied (arbitrary chosen by the software)

Fitting methods

Marg: The purpose of Marqg is to minimize the
sum square of the vector returned by the given
function, by a modification of the Levenberg-
Marquardt algorithm. The user may also provide a
function jac which calculates the Jacobian.

and  box-constrained

Port:  Unconstrained

optimization using PORT routines.

SANN: General-purpose optimization based on
Nelder—Mead,
gradient algorithms. It includes an option for box-

quasi-Newton and conjugate-

constrained optimization and simulated annealing

11
Projects A Project | Dataset | Model | Configuration | Result Workflow | Data | Modelgallery | Plot | Manuals | Changes
Nome Source
& | Keepfit | Exportcsv
FOCUS_2006 gmkin pack. New model - New import
FOCUS 2006 2 gmkin pack Resultname: | New model - New import
: _CT i Optimised parameters
A working dire. 2
— Parameter Estimate Pr(>t) Lover Upper -
— kX1028 X1085 072514 0.00000 0.69167 076023 e
K X1085 X1028  0.00207 0.42154 0.00000 5205759 E
New import S
. b an
s © - &
ER A W 2.
Models H iy &
Chi2 errors [%] Formation fractions. Disappearance times = - @ &
New model |
Variable | Er. | .. | of Path [ Variable | DTS0 | DT90 T T T T T T
New model
Midasta 588 2 40 X1028 X1086 1 X028 035 318 0 2 4 6 8 b
X028 ez 1 2 X1086_x1028 1 X1086 33 1113.09 Time
nes 486 1 2
New model - New import.wmf Save plot
—— Parameter confidence intervals
New import Summary
New model
New import_New model.txt Save summary
Configure fit
Results !
mein version used for FIttin
o k_X1028_X1085
Temporary (fited) rsion used for ite h 1028
Date of fit: =
Date of summary
squations:
GX1228/6t = - @ - kX182 XIS85 * KLO28 + k_X1935 XI028 * K1036
v || | axaessrat = + k_x1025 x1ess * x1e28 - 6 - k_X1ess_x1e2s * X105 ©
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Addition reaction
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[(TPFPP)Fe'"]*+ Acetone (P

100 ¢

50 <~

80 /
70 /
60

50
40 /

30 Lo
20 |/

10 |/

0 °
0 2 4 6 8 10

Time (s)

=4.3 108 mbar)

obs

ST

Rel Int

—X1028 —X1086 e 1028 1086

Addition reaction

5
Q
45 Mgy, y=-0,72x+4,6175
Inl 4 200
3,5 %@..__
O"p..
3 .
2,5 Q.
0
5 )
1,5
1
0,5 Q
0
0 1 2 3 4 5
Time (s)

kobs
[1028]* + [58] —= [1086]*

K4

kObS(ﬁt) = 0.73 5-1 k—l(ﬂt) = 2 10-3 S-l
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[(TPFPP)Fe!']*+ Acetone (P,,.= 1.0 10”7 mbar)

obs

100 ¢
90 _—
80 /

70 /

60 i/

50
40
30 J
20

Rel Int
~N.

10 |7

ol
0 0,5 1 15 2 2,5

Time (s)

—X1028 —X1086 e 1028 1086

5
4,5
Inl
4 @
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3 “Q
25 "o
2 Q.
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Time(s)
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Consecutive reactions

[(TPFPP)CrVOJ* + P(OMe); (P,,= 1.0 10" mbar)

obs™

[1040]* + [124] K05 =010 57

D o10n [1164]

100 ¢
90

80 Kogps = 0.13 s
20 [1164]* + [124] ———[1288]*
60 = =2510 13 -1
;z 50
40 [124] [124]

30
20
10

0

[1040]* M [1164]* ~— [1288]*

0 5 10 15 20 25 30 [1164]+ CID [1024]+
Time (s) _ PO(
—X1040—X1164—X1288 1040 » 1164 e 1288 .
15
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Law of mass action
[v]

=
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d[C*] s

dt = kl X [A+] X [B] - k_1 X [C+] %

+ Ky

At+B ——= C* w

K, %

Equilibrium . . . Intycs) Kk &

k; % [A*] x [B]=k_; x [C*] eq — Int(a+)Pg) 9"k,
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FT-ICR MS equilibria

[(TPP)Fe"']* + CH;CN =— [(TPP)Fe"'CH,CN]* §
- S
& )
oH time m/z668 m/z709 g
o 0 100 0 3
+ N// 5 95.29 471 5
_ 10 87.26 12.74 3
Q W 15 82.01 17.99
20 76.65 23.35 ®
Aed 100% 25 72.17 27.83 %’
- 709.192431 [CygH3 NgFe]* 30 68.03 31.97 o
40 65.79 34.21 ®
@ 60 63.78 36.22 m
R 80 64.99 35.01 3
@ 710.19540 100 64.93 35.07 =
. 150 64.06 35.94 3
>
&
14.63%
2 6.32% . 711.19826 .
70719701 7033'.%%6016 71%%6“1 0 (gn
0
707 708 709 7i0 71 7iz 713 miz 5
17
<
17
1. Test of achieving equilibrium: change the pressure
Addition reaction : [(TPP)Fe!']*+ CH;CN (P,,,=1.2 107 mbar) =
o
100 Kobs <
° 668] + [41] —— +
® [668] + [41] === [0}  m
1 )
80 =
— -1 - -1 )
o . kp,=0.019st k,=0.032st E
[ ] Y
60 ”
£ S
= 50
& K. = Ip K. — kobs 5
o T P N T K Poey
R FcHaen —1FcHzen
30 ' | m
' 1 X
20 E PCH3CN= 2.6 100 atm | 8
0 v v 3
_ 9 - 9 g
. Keg (exp) = 2-4 10 Keq (fit) = 2.310 2
0 30 60 90 120 150
Time (s)
— X668 X709 668 © 709 "
18
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1. Test of achieving equilibrium: change the pressure

Addition reaction : [(TPP)Fe!']*+ CH,CN (P

=9.1 108 mbar)

100 ¢ K
obs
% [668]" + [41] —— [/09]*
80 k4
70 ° = -1 - -1
kobs =0.011s* k,=0.023s
60
=50
40 K. = Ip K. = Kobs
eq — eq — 1. p»n
30 : IR Pepgen d k—1IPCH3CN
20 : :
10 Pcuzen=1.9 1070 atm
\4
0 K =2.410° K 2 10°
0 40 80 120 160 eq (exp) ea fiy = 2:3 10
Time (s)
—X668 — X709 e 668 © 709 19
19
2. Test of achieving equilibrium: reversibility
Addition reaction: [Fe''-heme]*+ Acetone
100 100
Pops=2.4 108 mbar Pops=5.0 10 mbar
80 80
. 60 60
€ 40 40
0 ¢ 0
0 50 100 150 200 0 60 120 180 240 300 360
Time (s) Time (s)
— X616 —X674 ® 616 © 674 —X674 —X616 ® m616 ® m674
0.03s1
b
[6167] + [58] = “— = [674%] [674*]4— [6167] + [58]
0.014 s Kyps=0.025
Keq (fit) — =5.2 1010 Keq (fit) = 5.2 1010 20
20

—
=
(1]
o
=
<

alemyos alempleH

suawadxgy

Arewwns

>
®
o
S
<
I
[
=
o
=
2
D
w
=
3
[
=
D
m
X
©
@D
=.
3
@
=
%2

10



01/07/2019

Equilibrium? No! An unreactive fraction!!!

100 - =
TPFPP)Fe!'O]* + B-pinene 2
EY P,s=3.8 108 mbar I ) I'+B-p 3
80 100 @ 3
70 P,ps=2.4 108 mbar
60 90 T
50 =
40 80 R s
30 %
R
o 70 R
v 60 . + kKo + &
. 3 * [1044]++[136]—252+[1028]*+[152][E}
0 4 8 12 16 20 s
50 )
100 @
% P.,=4.8 108mbar % ? o NRF
80 obs Pobs kobs (5-1) k2 (5-1) 0, m
")
70 30
6 2.410®mbar  0.15 6.6101 40 %
50 2 3.810¢mbar 0.21 261012 43 e
40 7]
30 10 4.8108 mbar 0.25 1.91012 41
20 )
0 c
10 3
04 0 5 10 15 20 25 30 35 40 3
0 4 8 12 16 20 —ml1044 —m1028 ® m1028 ® m1044 = 3

Advanced kinetics models

[(TPFPP)Fe"]*+ pyridine (P,,=1.2 107 mbar) Py Py =
0 [1044]* S [1123]* &= [1202]* E
OAT
90 * py T
Q
® Yo py 2
& [1107]* ~— [1186]* E
60
g k k N
3™ [1044] + [py] ===[1123]"  [1123]" + [py] = = [1107]" + [pyO] %
40 . : =
0 Kiops = 0.15 52 k_11= 6.2 10% st Kyops = 0.08 51 ®
K m
20 — [1123]* + [py] 47_3>[1202]+ [1107]* + [py] TK-’[1186]+ ?E
10 -3 -4 3
N - Ksops = 0.03 57 k5=0.17 s Kyops = 0.12 s k,=51110" st &
0 2,5 5 7,5 10 125 15 175 20 ?
Time (s)
CID
——X1044 —X1123 ——X1107 X1202 —X1186 [1123]+ _ O [1028]+
® 1044 1107 ® 1123 ® 1186 ® 1202 py 22
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H/D exchanges

[Fe"-hemeH]*+ ND,

CH CH
/CHZ r/ 2 ESl process  ° C+/ 3

Hypothesis 1

+0—0

~

)J\ ESI process
Hypothesis 2 ~

23

A
O —0

H/D exchange reactions: [Fe'-hemeH]*+ ND, (P,,=3.0 10 mbar)

obs
100 & ND3
k
% [Fe'heme-H,+H'T* s\, [Fe'heme-dH+H*]*

k-
80 S o d2 ' ND,H kJr ND;
"2
k 0obs
70 ND,H-} "

60 [Fe'heme-d,+H*]*

50

Rel Int

R*CO,H + ND3 — [R*CO,H ND;] - [R*CO; ND3H*]

40

30

- [R*CO,D ND,H] - R*CO, D + ND,H]
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20 - d1
. M Kp=0.8451 ko =0.6657
0 do
om e m e m ) o046sT k,=01257
—m617 —m618 ——m619 @® m6l17 ® mMm618 ® mM619 2
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Summary and Conclusions

Questions? ™
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