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Substrates’ syntheses

Dimethyl ferrocene-1,1'-dicarboxylate — SI1. Under argon, BuLi (~1.6 M in hexanes, 78.1 mL, 125
mmol, 2.5 equiv) was added to a stirred solution of ferrocene (9.3 g, 50 mmol, 1.0 equiv) and TMEDA
(18.7 mL, 14.5 g, 125 mmol, 2.5 equiv) in hexane (250 mL) and the reaction was stirred overnight at
room temperature to give a deep red suspension. THF (100 mL) was added and the reaction mixture was
cooled to -78 °C. Carbon dioxide was bubbled in the reaction mixture for 15 min and the reaction mixture
was slowly warmed to room temperature upon bubbling. EtOAc (150 mL) was added and the organic
phase was extracted with NaOH (10%, 3 x 100 mL). The combined agqueous layers were washed with
EtOAc (2 x 100 mL) and acidified with HCI (12 M) until pH 1 was reached. The resulting solids were
filtrated, washed with H,O and dried under high vacuum over P,Os to give crude ferrocene-1,1'-
dicarboxylic acid. the title product as an orange solid containing 3-5% of ferrocenecarboxylic acid.

The crude product was dissolved in MeOH (150 mL), H.SO4 (96%, 1.0 mL) was added dropwise and
the reaction mixture was heated at methanol reflux overnight. The reaction mixture was cooled to room
temperature and volatiles were removed under vacuum. EtOAc (100 mL) and NaHCOs (sat., 100 mL)
were added and the layers were separated. The aqueous layer was further extracted with EtOAc (2 x 100
mL). The combined organic layers were dried over MgSOg, filtrated and concentrated under vacuum to
give the crude product. This was purified by column chromatography on silica, eluting with
EtOAc/heptane (80:20 to 70:30) to give ferrocene-1,1'-dimethylcarboxylate SI1 (16.6 g, 70.5%) and
methyl ferrocene carboxylate SI12 (337.0 mg, 3%) as orange solids.

Dimethyl ferrocene-1,1'-dicarboxylate (S11): mp 112-114 °C (lit.! 113.5-114.5 °C); IR (ATR): 3087,
2958, 1698, 1468, 1434, 1373, 1278, 1196, 1143, 1029, 964, 779 cm™; *H NMR (300 MHz, CDCls) &
4.78 (t, J = 2.0 Hz, 4H, 4 x FcCH), 4.36 (t, J = 2.0 Hz, 4H, 4 x FcCH) 3.78 (s, 6H, 2 x CH3); 3C NMR
(75.4 MHz, CDCls) 6 170.9 (2 x C=0), 73.1 (2 x FcC), 72.8 (4 x FcCH), 71.7 (4 x FcCH), 51.8 (2 x
CHs). Methyl ferrocene carboxylate (S12): mp 57-58 °C (lit.2 50-56 °C); IR (ATR): 2954, 1709, 1699,
1463, 1373, 1276, 1189, 1136, 1105, 1025, 961, 823 cm; *H NMR (500 MHz, CDCls) 8 4.78 (t, J =
1.7 Hz, 2H, 2 x FcCH), 4.37 (t, J = 1.7 Hz, 2H, 2 x FcCH), 4.18 (s, 5H, 5 x FcCH), 3.78 (s, 3H, CH3);
13C NMR (125.7 MHz, CDCls) & 172.4 (C=0), 71.4 (FcC), 71.2 (2 x FcCH), 70.3 (2 x FcCH), 69.9 (5
x FcCH), 51.7 (CHs).

Sodium ferrocene-1,1'-dicarboxylate (SI13). A solution of NaOH (2.17 g, 54.3 mmol, 8.2 equiv) in
water (10 mL) was added to a solution of dimethyl ferrocene-1,1'-dicarboxylate (Sl1, 2.0 g, 6.6 mmol,
1.0 equiv) in EtOH (10.0 ml) at 70 °C. After 2h at 75 °C, the reaction mixture was cooled to 0 °C and
the resulting solids were filtrated, washed with cold EtOH (5 mL), Et,O (10 mL) and dried under vacuum
to give the title product as a yellow solid (2.0 g, 95%). mp > 250 °C; IR (ATR): 3087, 1556, 1477, 1380,
1190, 1067, 1026, 806, 796 cm™; *H NMR (300 MHz, D,0) & 4.75 (s, 4H, 4 x FcCH), 4.43 (s, 4H, x
FCCH) ; 3C NMR (75.4 MHz, D;0) § 179.4 ( 2 x C=0), 77.4 (2 x FcC), 73.1 (4 x FcCH), 71.0 (4 x
FcCH).

(9H-Fluoren-9-yl)methanol (S14). A modified procedure of Chong was followed:®* BuLi (~1.6 M in
hexanes, 37.5 mL, 60.0 mmol, 1.0 equiv) was added to a solution of fluorene (10.0 g, 60.0 mmol, 1.0
equiv) in anhydrous THF (250 mL) at 0 °C over 5 min. After 3 min stirring at 0 °C, paraformaldehyde
(2.0 g, 66.0 mmol, 1.1 equiv) was added in one portion. The reaction mixture was warmed to room
temperature and stirred for 90 min. NaHCO; sat. (150 mL) was added and the reaction mixture was
extracted with Et;O (3 x 100 mL). The combined organic layers were dried over MgSOs., filtrated and
concentrated under vacuum to give the crude product. This was purified by recrystallization in
hexane/EtOH (600:8) to give the title product as a white solid (3.6 g, 30.5%). mp 100-102 °C (lit.® 100-
101 °C); IR (ATR): 3252 (br), 1444, 1363, 1314, 1048, 1024, 754, 77, 725 cm™; 'H NMR (300 MHz,
CDCls) 8 7.77 (d, J = 7.4 Hz, 2H, ArH), 7.60 (d, J = 7.4 Hz, 2H, 2 x ArH), 7.40 (dt, J = 7.4, 0.7 Hz, 2H,
2 x ArH), 7.32 (dt, J = 7.4, 1.1 Hz, 2H, 2 x ArCH), 4.10 (t, J = 6.0 Hz, 1H, CH), 4.01 (t, J = 6.0 Hz, 2H,
CHy,), 1.64 (t, J = 6.0 Hz, 1H, OH); 3C NMR (75.4 MHz, CDCls) & 144.5 (2 x ArC), 141.7 (2 x ArC),
127.7 (2 x ArCH), 127.3 (2 x ArCH), 124.9 (2 x ArCH), 120.2 (2 x ArCH), 65.3 (CH,), 50.6 (CH).

Ferrocene-1,1'-dicarboxylic acid (2). HCI (12 M) was added dropwise to a solution of sodium
ferrocene-1,1'-dicarboxylate (SI3, 1.0 g, 3.1 mmol, 1.0 equiv) in water (20 mL) at 0 °C until pH 1 was
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reached. The resulting solids were filtrated, washed with water and dried under high vacuum over P,Os
to give the title product as an orange solid (800 mg, 93%). mp > 250 °C (decomp, lit.# > 250 °C); IR
(ATR): 2885 (br), 2557, 1668, 1488, 1404, 1297, 1168, 1032, 917, 840, 751 cm™; *H NMR (300 MHz,
DMSO-d®) & 12.32 (br s, 2H, 2 x COzH), 4.69 (s, 4H, 4 x FcCH), 4.44 (s, 4H, 4 x FcCH); 3C NMR
(75.4 MHz, DMSO-d®) § 171.1 (2 x C=0), 73.5 (2 x FcC); 72.6 (4 x FCCH); 71.3 (4 X FcCH).

1. Fischer, D. Acta Crystallogr. 1964, 17, 6109.

%3]1.3%.11821C L.; Rapi¢, V.; Pritzkow, H.; Pavlovi¢, G.; Nemet, |. J. Organomet. Chem. 2003, 682,
3. Chon% J. M.; Lajoie, G.; Tjepkema, M. W. Synthesis 1992, 1992, 819-820.

4. Gao, B.; Yang, B.; Li, T.; Zhang, B. Synth. Commun. 2009, 39, 2973-2981.
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IR spectra of the formation and consumption of 3 and 4

Formation of 3 and 4: top to bottom (1min, 1h, 2h 3h, 4h).
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NMR spectra for compounds 1 — 15 and S11-4

1°-((tert-Butoxycarbonyl)amino)ferrocene-1-carboxylic acid - 1
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werb WE-318-1 11 (1D 13C) DMSO 500MHz
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werb WE-318-1 14 (HSQC 1H/13C) DMSO 500MHz
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werb VWE-318-1 16 (NOESY 1H/1H) DMSO 500MHz
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Ferrocene-1,1'-dicarboxylic acid - 2
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ppm

werb WE-308-1 2 (1D 13C) DMSO 300MHz
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1,1°-Diazidocarbonylferrocene - 3
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1’-Azidocarbonylferrocene-1-carboxylic acid - 4
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werb WE-317-2 14 (HSQC 1H/13C) DMSO 500MHz
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werb WE-317-2 16 (NOESY 1H/1H) DMSO 500MHz
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Triethylammonium 1°-carboxyferrocene-1-carboxylate - 5
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1’-((Benzyloxycarbonyl)amino)ferrocene-1-carboxylic acid - 7
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werb WE-338-1-ana 12 (COSY 1H/1H) DMSO 500MHz
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werb VWE-338-1-ana 15 (HMBC 1H/13C) DMSO 500MHz
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1’-[((Fluoren-9-yl)methoxycarbonyl)amino]ferrocene-1-carboxylic acid - 8
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werb WE-324-1-ana 13 (DEPT 13C) DMSO 500MHz
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werb WE-324-1-ana 14 (HSQC 1H/13C) DMSO 500MHz
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werb VWE-324-1-ana 16 (NOESY 1H/1H) DMSO 500MHz
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werb WE-320-1-ana 12 (COSY 1H/1H) DMSO 500MHz
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werb VWE-320-1-ana 15 (HMBC 1H/13C) DMSO 500MHz
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2,5-Dioxopyrrolidin-1-yl 1’-(tert-butylcarbonylamino)ferrocene-1-carboxylate - 10
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werb WE-333-1-ana 11 (1D 13C) DMSO 500MHz
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2,5-Dioxopyrrolidin-1-yl 1’-[((fluoren-9-yl)methoxycarbonyl)amino]ferrocene-1-carboxylate - 12
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2,5-Dioxopyrrolidin-1-yl 1’-((allyloxycarbonyl)amino)ferrocene -1-carboxylate - 13
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VE-336-1-ana 10 (1D 1H)
] @\NHAIIOC
2| Fe
| C®)/COZSUC -
g; ("> e
ER ° -
4 ) N =
4 @ L] —
J [+ _ —
4 Q —
37
] ,
g; @@ -
i - B
%;D,‘,"“\""\""\"“I“"\"“I""\"“\"“I""\"“I""\"“I"“I""\"“I""\"“I"“I"“\ T 1
95 9 85 B 7.5 6,5 & 55 5 45 4 35 3 25 15 0.5 10 20 30
werb VYWE-336-1-ana 15 (HMBC 1H/13C) DMSO 500MHz
6-1-ana 10 (10 1H)
2 @NHAHOC A
] P cos Copp
] e e iy
= if) —
] N 1 i
1 & I
] 1 } i
] 0 \"]D F | {'\ : —
] Wi Hy —
i IIV;F” o F I
8i ;"ﬁ 1
] LI
] I |
& | ]
4 1
] [ d -
s !
1 !
] B
] ] | A
g,
] [
] n| ! £
By +
] ﬂ b -
1 |
H |
b b j : : P

S40



501%015(200

werb VWE-336-1-ana 16 (NOESY 1H/1H) DMSO 500MHz

werb WE-336-1-ana 10 (10 1H)

5
Loy o by by by L b b T Ly w1

ppm

(10 1H)

| werb WE-338-1-ana 18

T
2
5]

1°-((tert-Butoxycarbonyl)amino)ferrocene-1-carboxylic anhydride - 14

180 200 220 240 260 280 300
ppm

180

40 80 80 100 120

20

o

—7.240

—6,358

NHBoc

o
Fe
P

werb WE-326-1 10 (1D 1H) CDCI3 500MHz

——a.821

——4.880
—4564

——a08

20

140
ol fecs b b b b by b by e T b B b s b T 1

1,434

T
50 100 150

T
2
=

S41



ppm

153,558

@NHBOC

o

werb WE-326-1 11 (1D 13C) CDCI3 500MHz

il e =
[l

ppm

werb VWE-326-1 12 (DEPT 13C) CDCI3 500MHz

[
5 a8 5
I 2

3B

ISR

188

82,

S42



werb WE-326-1 13 (COSY 1Hf1H) CDCI3 500MHz

VE-326-1 10 (1D 1H)
g,
i L)
i _ P
. @\NHBOC i /
] e Ee ’Rf a
i o = #"
~— 2
b @ c(f\)'ﬂ_ =
) TN
: o) ,f.\j.n- y
4 ’, o
S ;
n—| s N
] R -
T @
] B | g
QDD““ o ‘7‘_5‘ T "F‘ o ‘6?5‘ T (‘S‘ o ‘5‘_5‘ LT I4I5‘ T LI o ‘3‘5' T ‘3‘ o IZIS‘ o Iél o “\ISI AR I()IS‘ o I()""SIO1!)O1LO
werb WE-326-1 14 (HSQC 1HA3C) CDCI3 500MHz
‘37 VE-326-1 10 (1D 1H)
4 LJ J
1 @\NHBOC
& Qe
| =% S
1 ) C(h i -
o
87
l ) .
_ 4
S o ——
o] :
&
éppn' T T T T T T T T T T T T T T T
75 7 85 8 55 5 45 4 35 3 25 15 05 5 10 15

S43



N-methyl 1°-((tert-butoxycarbonyl)amino)ferrocene-1-carboxamide - 15
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werb WE-339-1-ana-dmso 13 (DEPT 13C) DMSO 500MHz

ex ¥ @ trene 2
H 5g 3 8 3Enat 88
= 2 I 2 29338 &Y
|| \:Li;:’//
:‘ NHBoc
Fe
|
@/CONHMe
|
|
. - " — ’ ot sl TP b
T T T T T T T T T [ T [ T T T T T
170 160 150 140 130 120 10 100 0 80 0 80 50 40 30 20 10 o

werk WE-339-1-ana-dmso 12 (COSY 1H/1H) DMSO 500MHz

8 7 8 5 4 3 2 1

ppim

werb WE-338-1-ana-dmso 10 (10 1H) WL M
A
i
Vo | :
=~ “~NHBoc ! :
Fle i i« i
-
i CONHMe 5 - T
: B
B -
S
. W
i
-
R g
.
-
I
i
{
{
H =
H =
|
s |
e 1 g
I e S e T S A L A

S45



werk WE-339-1-ana-dmso 14 (HSQC 1H/13C) DMSO 500MHz

8,\-r:fL\'."-[—33€‘ 1-ana-dmso 10(10 1H)

o

o
] @\NHBOC

i R CONHM
1 = ¢ ; —

1 @ i ——
S {p S
2 . L

i R (?) S

4 > <c_':) N
37 -~
Ea _—
&
T e A B T T

85 8 7.5 45 35 25 2 15 0.5 ] 5 1015 20
werl WE-339-1-ana-dmso 15 (HMBC 1H/3C) DMSO 500MHz

gimm-ﬁ-[ss; 1-ana-dmso 10 (10 1H) W—JUJ

A A
: o . |
] = ~NHBoc | ¢

an @F‘e _CONHM F
] e it |
] ﬂr! , i‘{ﬁl

o] ""ﬁﬂ i —

"] L'\U ]

& ‘ ' a : L
: ‘ \ﬂ 0 | -
1 | 1 | ——
J ] n !

] ‘ l\! l‘

: ? ‘ vl ﬁ \ 4

1 ‘ | [ . -

2] @ e

2]

T !

] ! l ;
] |
7 ‘ 1 B %

& : I
i B .r“ ' | :
H | ‘
T e e A L BN NN | PR A

B85 8 75 7 L3 45 35 3 25 05 5 10 15

S46



werk WE-339-1-ana-dmso 16 (NOESY 1H/1H) DMSO 500MHz

g [werb WE-338-1-ana-dmso 10 (10 1H]

2

g_

o]

A

] C, ~NHBoc .

1 Fle P

] C®)/CONHM9 F

]

i @

o]

o]

7 ®

] @

]

.

4 T

~ £
a

] d %

=] H

E 3

1 q@« E
o

] L

T §

£ H

B A B A o L A s e 2 e A BB A e e T

ppm 85 8 75 7 65 & 55 5 45 4 35 3 25 15 1 05 a) 10 20

Dimethyl ferrocene-1,1'-dicarboxylate — SI1

ppm

7,240

werb WE-

[5

07-2-bis 1 (1D 1H) CDCI3 300MHz

@ @
&
o

4,780
4,783
4777

«
—~<

4,389

4,356

—3,77

&

7
ok 75 7

85

55 5 45 4 35 3 25

05

S47



ppm

80
T IE I RATEI

I
|

0 140 1
TERTE I IR

21
|

1

80 100
IR IR |

e‘o

20

o

werb WE-307-2-bis 2 (1D 13C) CDCI3 300MHz

5 BRI H
Sa8ERE
gy

51,855

%
=
B

ppm

werb WE-307-2-bis 3 (DEPT 13C) CDCI3 300MHz

o w
2@
[~
xRS

If
come
©/COZMe

51,855

S48



Methyl ferrocene carboxylate — S12
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(9H-Fluoren-9-yl)methanol - S14
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