4 APPENDICES

APPENDIX 1

Infrared Absorption Frequencies of Functional Groups

A-1



"T66T “IOA MON ‘SS2.d DIWSPe0Y ‘s3|ndajojA d1ueBiQ 1o salouanbaid onsiIsloeley) Uewey pue paleljul
40 300qpUEH BYL ‘I||Bssels) 'O T pue Aopled 'O M ‘dnyljod "g "N 'Q ‘UBIA-UIT Wwolj uoifes ;WD 009-000% U} U salousnbe. pafeljul 10y Seyd oIz A0 ainjonuis-eoads dnyijod

Appendix 1

A-2

e}
00L 008 006 000T 00TT 002t 00ET 00vT 00ST 009T 00.T 008T 006T 0002 oove 0082 00zg 009g 000v
_ _ Iz z _ _ _
0=0, HON -
_ _ H™ “H woﬂm (suesjje-uoN =72) aqeleA = A
- ‘HO=0—%Z eI = M
_|' H' *HO=HO—Z WA= N
"bauy asred -—— =z YR [AUIA — ¢HO=HO—0—°HD fuons =s
s101daooe Sy UIPO RUWRL ———— ZHO=HDO—CHD
'J3MO| s10U0Q _ == aRIADY — “HO=HO—0D—0—°HO Uy =)
—_ YHO=0% ! L YHO=0% -
< _ SHO=0% _ L *HO=0% —— ! .
° |4 H _ v "W o I
W >O0=0 N H W w >O=0 " H -
| H H N _ | | | | H H N P Il
5 ~0=0L ™ O=0, — -
[ o H S _ [ [ o H S _
5 g ——°HO=HO—Y w - —_—— IO\IO|N__ _ - o=
_>xogm ZHD _..
auedoidopAo ) " "u -
_—— 19—2HD aueINgoPAD ZHD ==
S 1w . D—2HD auejuedopPAD 2HD - .
—_ S | _ﬁ N s—%o QURXaUY0PAD 240 __“,_ z
_ | " —— a0 _ |
- - ———S—HO S—¢HO s
- FHO—*HO—0 - — O0—%H0 0—%HO ==
€422 > N _z . . z 1S S
- HO—*(*HD)—0 ﬂ — N—HO sulue "1} Jo "85 —— N—HOD ==
- EHO—E(°HO)— *ON—HO ‘N=0—"HO '0=0—*HO— === [
v *HO—* <(*HO)— | O—*HO—0 — = ‘wore Jo ydily =0 — O—*HO—O0————— =
M z z N z z - NS . z
— MO0d ‘HO OVM ‘HO — —— uolrewloep ‘HO UoUIS CHD —— "WAS — =g — WASY HD
R
S S A
JAaS) 1 w____ 1 T fHO—S
M-I W
— | “ *HO—g *Ho—0—0 .=
— fHO—O ¥(°HO)—N—woly .
_ &(eHD)—N—yd1lY -
| HO—N EHO—N—WolY -
T eHO—0=0 (euiuy) —fHo—N—ydnv z
- % _ 2 #(°HO)O—dIfe 1Aing 1oL
o _ AR ¢(CHOY*(ud1e) IAylewIp Weo
-_— AR ¢(*HO)HO—ud1fe |Ado.dos|
3 - EHD—oMrWOIY EHD—oMrWOIY e
R T T “HO—dmudiy gHo—omeydlly ——
(Aouanbauy asred s)uanisgns aAlehaUO0II08|T) —= WAS - _ —whsy UOITeWI0 PP EHD yopls EHD) — ‘WAS— ._I.I “whsy EHD
T T T T T L L T T L T T T T T T T T T T T _ T T T T
I I I I I I I I I I
vT 43 ot 6 8 L 9 S 12 € 14

SNOYOIN



A-3

Appendix 1

009 002 008 006 000T 00TT 00ZT 00ET 00rT 00ST 009T 00T 008T 006T 0002 (0044 0082 002€ 009€ 0001
_ | | _ _ !
7 -—— T = ) sateydoiy L
—— —— — D sueiny
NAN — NN —— = auiZeL os| _
A A = auIWepN N
— NN aulzeu|
_ _ » | s | 4
—_— aulpuAd sgns y —— i
'S ] '
e — wc_u:\a.wnsmmlzﬂ,uz [ ———_— =
—_ euipuAd AN 2 0 —_———— d17ewo feo BB H
| | | | |
- + auseydeu "saNS of 0 — -
- _ws_EE%:.E:wml |H|7I|H
™ e W — . I - m /s e o
—— 11 RUDIA — — 1} RUDIA
WS . \ | ) ) \ \
—— . 11] WASUN - — —— aulzUB] “ISANSI "wAsun \ﬂu
TSN , \ ! } }
— eled - m—— — — — - m._mQO
—_ S ' epu —_ - N ejow O
| oo — - “ ——— == auezueq “sarsip oo () UoRIS HO
—_—— _ ﬁ_EoE " " _ _ - TR —— RW——— 8uzusq "Sqrsouo A O orewory e DIRWO 1Y
uo aruehooly ] —— (S=0=N) — =
uol arueA) —— _(0=0=N) z
uol apiuekd _(N=0) —|r
/
ESy2) == -
A O|O|O/ — 3
apiuefoos| _O=,N— — =
1S wniuozeld — N=;N=TAdY T
PIZY — _N=sN=N— -, =
021q — -N=4N=HO— — =
oo |
aul sy —— N=0=0 _ 3
apuwipoged —— N=0=N— —} =
v 4 s
uefolu uo ajIN —— ZMU\Z/ | g
akeLeAOINOS| —— S=O=N— — =
spuefooly] —— N=0—S— — W
oiueblo ‘areuefoos| 0=0=N—"'—o z
apIX0-N 3LIN 0 «N=0— =
/ 1S
ajunuojAioe ouwy g — N=0—0=0—N_ —5
“uoo ‘BN —— zWu\oHom |_z
oleWwoRe 9N —— N=0—TTAdV — =
oreydie BN —— N=0—"HO— — =
2 / . ! ) —
ABIIY — HO=0=0 — ==g=— | Z=A=X
peolg peolg aw|fpde ISl — —O0=0— —— = A=X
S W | awIfoe BATSOUON — H—O=0— TN | =
T T _ T _ T _ T _ T _ T T T _ T T T T _ T T T _ T T T T _ T T
T T oT 6 8 9 S 14 € k4

SNOHDIN



Appendix 1

A-4

009

008

WO

000T 00TT 00¢T 00ET 00vT 00ST 009T 00LT 008T 006T 0002 00,74 0082 00cE 009€ 000t
o ” T ” — —S—00— ke —— —— ” ” ~ oo o oL | _
—_— - —S—00—C%HD - - - *fuooun “e1se oIy L S—O—
| . = 10—02—0—HO — - . oneydife ‘srewiojoi0yD I
. D—00—IAR —— = = JWOR PUOLP POV o
— ! “ [0—02—2HD — W . alreydife ‘SpuoYd ploY 19—0—
_ [ —00—0—0—00— |opixosed = I
JE— ; S
0=0—0—0=0 *uoo ‘spupAyue o1PAY) —— -—n o)
. 0=0—0—0-0— *luooun ‘spupAyue a1pAD — —— J3buoais pueq bay-1amoT
~0—00—0—02—0- oljoAoUou *[u0D ‘BPUPAYUY e == _ | | |
2 9—00—0—00—%H) ————— dlpphduou *[uooun %:EE< _| S Jabuons pueq "baij-1ybIH —5—0—9—
(@)
//o - apiwi u__u>o — —— AF HF
N w —00—N—00— M| —— e
/O \Z —00—0— Skeweqed -
ot “dN—00—  SpIWe “SUNSIQ — mmmmm o i)
Bun paiequisw-g ‘weide — N-O A Uo§ —— =
Bull paJequiBLL-g ‘Wede ] ||. s u H | o Emﬁw._ pIOS == I_z.\
—— u,]08 N . u,J0§ ———8
>— - nsouo N —< \
(‘baiy 0=0 spiwe ssres H IH — Plios N U/O i __>_ PIOS  mme — =
uabounu uo sdnoib — u,]0s z o A U 0§ ——
Bunoeine- co:uo_m_v IH — pijos >—7HN—0D mU_U_E_m. mn:m_._S u__om — = ﬂ\l N—D—
200—HO—N..E — — ——C — —_
200—HO—N.tH - = = o S — _ . UOLBIIMZ PIJE OUILY e m ﬁF
00— - - Jes 1AxoqeD _ 7 |
2, J—
peoig ! I_ — _ O HO, _ |_ — JoWIp pioe a1jAxoqe) —— peotd S
~ = — IU \\UI - 3 Ip pt 1] _ qed ~w 3 HO—D—D
O—H-O _ _ | |
_ _— Bui palRqUBW G ‘B1RUCGED o
O—0—00—0—D— = oiueblo ‘sreuoqe) (‘baly O—
4 E B } 0=0
IUIOIOUO 10150 "WOIY —— - _ |_ —_ Bull paequew-g Hm_zo.5<1_ 13153 Sasred
2—0—00—0=0 918 'Iesun-g'o — |_ e — — - Buu BmQEmE_.m ANOLOV uabAxo uo dnosh
) _— e “fuop Bunoeae-u0.108|3)
SI89 "luootn B0 — == 9-0—00—0 —— = SRR “[uooun YO
_ e — — - —0 ——— J3IS9 SRWIO,
0—0 BI 9EPIY = 0—0—00—H s _o 2 =9 _a e ololwlo
-_—— oIoNO —_— W - %\\Mﬁuﬁ o%E%E —_— - le]
- OHO—2HD - p %u_m_o_as W —rn Heo—o
O, _ _ | _ _ . , [
o o JE S -— . — SRR RW ‘SUORMIA-E'T o
nw m o UIU : - - WIoJ [ous ‘BuoRNId-E'T
N Lﬂu — auopy |Ar AxoipAy-O
O H- O o —_— ! auopy ‘uoo Ajgnog
_ _ — - sauopy ‘[uod Apuis 9—0—9
—_— - auopy IAela I
eIXe 21pAD |_I O Jesu 1N O auoly ooy © o
8UOJBY 0IOYD © RLOENDS DIOAD — e . 0 fau D auoRy 0IoYD © JAuoged
| _ - _ Bui pelequiewl-G Ul auopy uooun
_ T _ T _ T _ T _ T _ T T T T _ T T T T _ T T T _ T T T T _ T T
4 1) 0T 6 8 L 9 S 14 € gc

SNOHOIN




A-5

Appendix 1

SNOYOIN

e}
008 006 000T 002T 00€ET 00vT 00ST 009T 00/T 008T 006T 0002 0072 009€
[ [ I I I
- _ _ O=N—N—pinbi| ‘suiwesonu aneydy
|
O=N—IAly — = - - JIfeWOR “BLIOUOW 0SO.IN
O0=N—D0 _| _ _ olreydife ‘lewouow osoiN
| |
-- SI12 ‘01fewode ‘;ewip 0solIN
. O/ 0 sueJ) ‘oljewose ‘Jewip 0sosIN
7 —_— N=nN" s19 ‘oneydife ‘oW p osONIN
/ N
_ o _
> / . .
N =N sueJ) ‘orreydie ‘oW Ip 0sollN
| / . \,
— — o) \z = z/| Axozy
o o |
S T T ON—O—°HD
- - —_ ‘ON—0—0
_ %ON—N auuRnIN
dlfewWoe 0IU OUIWLY-O — === _ _ _ _
—_—— — —— ‘ON—IOHO
—— —_— - “ON—TTAYY — JleWorR oiIN
- T “ON—FHO ——— dteydie 0N oN
—_— ; = —-10*CHN)O— [OH BuIpIue Isgrsun
— - N=0—N —— aupy
S72UOCEI0U L ‘STEPILUT ‘SLUIXO ‘OS] S JIUIS — === ————— (01pAOUON) N=D0
_ N=0
s auiwe AepeL L HN =
— — °HN 1[es sujue Aepuoess  FHN— —
——————— FHN— 1fes aulwe Arewid
_ 3 _ THN UO! WNIUOWW Y/
— - “CHON—IAIY aujwe Arnel 2@eHO)N—
— 2P HN— ZH)—HN—HO— & —_ N £
HO—HN—°HO HO—HN—°HD = HN—IA1v aulwe Aepuodes
S - —°HN - —“HN—%HD — - HN—AlY | =~ °HN aulwe Arwid
TS jousyd N—D
S loyooe ArneL
S [oyoofe %8s feixe 21pAD
|5 |_| [oyoofe -08s [erorenbe o1PAD
—HOHO—IAlY — —_— _| |0y0de Aepu0des JIFRWOIY
14 V—HOHO—IMIV — s Joyooe Azepuodes oreydi|y sjousyd pue S|oYooe ‘O -HO Papu
HO—ZHD — | - _ _ joyooe Afewiid sjousyd pue sjoyoo|y * n
———g BANSLIL H7O0™
N8N
| ©
—— Nzo/‘\o/ — —HO—HO— — "BunsIa
(o} o}
—— 2y H5— — BURIIXO “SQNSOUO
_ HO_—HO X0 150 N
o | |
S W -~ o/‘\o Bull auelIxo
| (@)
= *HO—O—HO=0°H Byp JAUIA
—_—— = ‘HO—O— 1Ay oy dlrewoly 0—0—0
— *HO—0—HO Byp oneydily
T _ T _ T _ T _ T _ T _ T T T T T T T T
49 ot 6 8 L 9 S




Appendix 1

A-6

009

WO

002 008 006 000T 00TT 002T 00€T 00vT 00ST 009T 00/T 008T 006T 0002 00v2 0082 009€ 000%
I I I I I I l I
g [ _ [0S — anns
_ - : _ _Jos _ arns
T Sy _ YOsH SRYINS pPY
_— spioe dWIINS _ _ HO—S— SPIOR DIUINS ——— e
_ - — — 05— SIS SRUOYINS 14 peug |
= LO°H fOS— seRIpAY pioe dwoyns —
. — HO—%0S HO—0S — SPI%2 DIUOJ|NS SNOIPAYUY — e PEOAE
! _ [ HN?OS - =
= — HNOS = — °HNos *HNOS - ==
r _ F— 4—0s—D sapuonyy |Auoyins
=i _ =i [0—%0S—0 sopLojyo |Auoyins
= _ - 0—0—%0S—0—0 ssryIns |Aeia
- = 0—0—0S—0 SI9IS9 9RU0YINS
- — " HO—%0S—0 spioe dluons PAYUY
- | _ N—%0S—0 SopIURUOINS
(‘bauy sasies — ; -_— ; 2—%0S—D Sau0yINS
1sgns  anlrefau0a109|3) — e’
S IS .z .
I _ | T — 0s%0—-0) IRAeIp 'seiyins
(‘bauy sasred s - 0s% SIPIX04INS
‘1Sgns aAIeBsu0.103(3) - = — 0=S |
T — 5§ —— HO=HO=S | | - *HO=HO—S
m —_— = - *HO—s *HO—S§ ——— ==
- = - °HO—s ‘HO—S ——— ==
spioe [oiy} ‘sjouaydoiy} ‘suejdedsol Ul HS—O — = nyns
OINVOHO Hd St -
—— S1VS FLVARIONTHOHISOHd 4d S
| : = JIT0AD N=d HN—d — ==
— - — N—d I =W —HN—d PHN—d -
= - s=d - TR, o
| —_—— HO—d
S | | w *HO—d
= . - ; O—0—d
- — - I_ - : ¢(EHD)HO—O—d
- — - SHZ — SHIDOd — =
= ol - HO—0—d H0d
= - ™ fHO—0O—d fHOOd - =
——=— — OlLVHdITv—0—d
“ | | &
S
S S -
—d—0—d peoig peoig
= HO—d (HO 3IBUIS) * e — HO—d —_ — = - HOd
_ _ _ —_— — 0=d?(0—0) HF
- 0=d*
(‘0344 S3SIVY 1SANS IAILYOINOYLOTTT)— = - O=d
_ _ _ _ ™ — Hd 7 _ saulydsoyd |A%e pue |A3e Ul CHd pue Hd - snioydsoyd
Hd — ==
_ T _ T _ T _ _ T _ T _ T T T T _ T T T T _. T __ T _2_ _ T T T T T
T T ot 6 8 L 9 S ¥ 52

SNOYOIN



A-7

Appendix 1

e}
009 00L 008 006 000T 00TT 002t 00£T 00rT 00ST 009T 00LT 008T 006T 0002 00ve 0082 00z 009
T I I
| | HO—8 — == ——
Saueloqouiwe ‘ssuizelog uj| N—g =
0—8 — ==
_ _ H. (PopUOE) HO-g — =
(eBpug aueloqiq) —— I e o m AT
_ H _ _ _ _ _
(bpug gHg) — Q---H---9 —
(e®(dwod 110)  Hbg — =——
saueloqip |Ajfe ‘sauizeloq Ul HY —— e
SURIgIP MR Ul PHE — = =
_ _ ‘Ha (®I1gnop Hg)  °HE pue HY — uoJlog
_— = — S—HN—IS _ S—HN—1§ — =
_ _ —_ — ZHN—IS (BIANOP)  “HN—IS ——
1 1 H_m
Z.
ws ; Mm
= F HO—5 HO—S
S M-I - —i5 —
| - — "(08) SLEXO|SRIIOPAD
- gom) auexo|sHI0PAD
_— _ URLD BUBXO|S B}IUILU|
' S ' 1 S—0—8
_ _ _ (o5
—_— T — SHO—0—1S
; ; .
; T HO—O—S
— —oneydiiv—0—1S
_——— - - - —_ Q — —— CHD=HD—IS
- — — S
S S 1 TN 1 1 1 W
_ — e — - — - - SHD—IS
— - — — °HO—1S
- *HO—8S —_— —— fHO—1S
[l S M
- HISEO HS—*0 —— =
—_——— CHIS—%0 HE—0 —— =
_I EHIS—O (uogred A 10 1By =0) — *HIE—0 ——— =
HIS ("bauy sasied "1sqns aA1eb3U0103]T) «— HIS —— uool|IS
_ _ N
- [0—0 [EIXe 21pAD
=— — [0—0 [euoEnbo d1jpAD
: = ®100 —_—— ’HD
= [0—*HO—*HO—D — —18°HD
= — 10—0 — — [O°HD
OUlO — = = —BJaW + eled ———— Ig—TAYY
OUMO mmm = = —BIRd ———— |D—TAHY
elpw °40=40 - —
4= —— _
m\%\fo — —
5 — ey |4
'S ' 40 @
— — £40) —_— o) usboeH
T __ T _ _ T T _ T _ _ _ T _ _ T T T T _ T T T _ T T T _ T T T T _ T T
vT 49 ot 6 8 L 9 S 14 € S

SNOUDIN



A-8 Appendix 2

APPENDI X 2

Approximate 'H Chemical Shift Ranges (ppm)
for Selected Types of Protons®

R—CH, 07-13 R-N-C—H 22-29
R—CH,-R 12-14
|
R,CH 14-17 R-S-C—H 20-30
|
oL 1.6-26 I-C— 2.0-4.
R-C=C-C-H H O=al
|
O Q, Br-C—H 27-41
R-C~C~H,H-C~C-H 21-24
|
o Cl-C-H 31-41
I |
RO-C~C~H, HO-C~C~H 21-25 o
Il |
| R—%—O—(IZ—H ca 3.0
N=C-C~H 21-30 o)
| |
| RO-C~H, HO-C~H 32-38
C-H 2A-—37
?
O 5-4,
R-C=C—H 17-27 REC=0=AR S
|
R-S—H var 10-4.0° A== G
R—N—-H var 0.5— 4.0 |
F—C—H 42-48

var 0.5-5.0°

|
R-O-H
[
QO—H var 40-7.0° ROl 45-65
o

N—H var 3.0-5.0°

R-C-H 9.0-10.0

R—C—N-H var 5.0-9.0° i
R-C-OH 11.0-120

|
2 For those hydrogens shown as f(l}H, if that hydrogen is part of a methyl group (CHj) the shift is generally at the low

end of the range given, if the hydrogen is in a methylene group (—CH,—) the shift is intermediate, and if the hydrogen is in
a methine group (fC‘:Hf ) the shift is typically at the high end of the range given.

b The chemical shift of these groups is variable, depending not only on the chemical environment in the molecule, but also
on concentration, temperature, and solvent.
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APPENDI X 4

TH Chemical Shifts of Selected Heterocyclic
and Polycyclic Aromatic Compounds

H 75
6.3 7.0
@ H H N H 71
SR ®
7.4 S 7.2 N H g5
H 8.0 77 H H 75
76 H N H 85
N
75H 7
Hgo 79 H Hog1
H 7.8 83 H H 7.9
HH19
H H 7.63 H H 6.15
H
4. o
0 H H ) o
4.92
7.63 7.90

H 7.56 H H

’ 6.35 7. 22 ’
X
| 6 36 6.5
(@) (@]
[ 7. 77 7. 45
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Appendix5  A-13

Typical Proton Coupling Constants

ALKANES AND SUBSTITUTED ALKANES

Typical Value Range

3] aa 10 8-14
3) ae 5 0-7
3] ee 3 0-5

3)  trans (H.HQ) 6 4-8
2) gem (H-Hp) 6 39

33 cis (HyHo) 4 2-5
3)  trans (H.Ho) 25 1-3
2) gem (H.Hp) 6 46

(IH

H

R_~_Ha %) cis (HpHo) 9 6-12
Hc Hb

R :O: H,

Hc Hb

Type (Hz) (Hz)
H 2) gemina 12 12-15 (For a109° H—C—H angle)
/
©
H
IT T 3) vicinal 7 6-8 (Depends on HCCH dihedral angle)
C=C

In conformationally rigid systems
(in systems undergoing inversion,
al J=7-8Hz)

(W-configuration obligatory—strained
systems have the larger val ues)
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ALKENES AND CYCLOALKENES (%] AND 3/)

Homoallylic

Homoallylic

Typical Value Range Typical Value Range
Type (Hz) (Hz) Type (Hz) (Hz)
H 2) gem <1 05 H 3] 2 0-2
— H
H
H H 3 cis 10 6-15 H 3 4 2-4
= |
H % trans 16 11-18 H
H H 2 6 57
C—H
H 2 10 8-11
y ¢ 33 10 9-13 @i
H H H
ALKENES AND ALKYNES (%J AND 3))
Typical Typical
Value Range Value Range
Type (Hz)  (H2) Type (Hz)  (H2)
H—C=C—-C—H 4)  (cisor 1 0-3 H—C=C—-C—H 4 2 2-3
Allylic trans) Allylic
H—-C—C=C—C—H 3J 0 0-15 H-C—C=C-C-H % 2 23
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AROMATICS AND HETEROCYCLES
Typical Value  Range Range
Type (Hz) (Hz) Type (Hz)
H %) ortho 8 6-10 Hp Hg 3 of 4658
4)  meta 3 14 9 op 1.0-1.5
H 5) para <1 0-2 / \ 4 ool  21-33
H, s H, 3 BB 3042
) 3 op 4957
4J OCIBI 0.3-0.8 B / B’ 5J Olﬁ, 0.7-1.1
/ \ 4J oo’ 1.3-1.8 4J ao’ 0.2-05
H No H, 3 BB 32-38 HoN no 3 pr 7285
« N o 4 BB 14-19
Hg Hg: 3 op 2.0-2.6
9 of 1.0-15
/ \ Y oo 1.8-2.3
H, N H, 3 BB 2.840
|
H
ALCOHOLS ALDEHYDES
Typical Value Range Typical Value Range
Type (Hz) (Hz) Type (Hz) (Hz)
||4 3 5 4-10 O 3 2 1-3
H
_(l:_OH H)I\ C/
(No exchange occurring) H 3] 6 58
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PROTON-OTHER NUCLEUS COUPLING CONSTANTS

Typical Value Typical Value Typical Value
Type (Hz) Type (Hz) Type (Hz)
y H 2 44-81 H 1 ~190 N—H ~52
C\ R—P, 0
F H ||
H F 3-25 (") 1 ~650
|
c—C — | —
H F 4 -0 it
Lt Ho
E— _P_
5 2 > |
/
C H o) 3 ~17
N L1
" REEE
H D % <1
é_é (Leadsonly to H (@] 3] -8
peak broadening) | I
—=C=0=P=
| |
Example:
F 7.03 ppm, doublet of douiblets 2H (H.H, = 8.8 Hz, 3J HF = 8.9 Hz). Looks like a
H triplet with fine structure
a

7.30 ppm, triplet of doublets, 2H (HyH, and HyH. = 7.8, 4J HuF = 5.8. Looks like a
Hy, quartet, with fine structure

7.10 ppm, triplet of doublets 1H (HHy, = 7.4, SJHF = 0.8. Looks like atriplet
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Calculation of Proton ("H) Chemical Shifts

TABLE A6.1

TH CHEMICAL-SHIFT CALCULATIONS FOR DISUBSTITUTED METHYLENE COMPOUNDS

X—CH,—X or X—CH,—Y O ppm = 0.23 + X constants
Substituents Constants Substituents Constants
Alkanes, alkenes, alkynes, aromatics Bonded to oxygen

—R 0.47 —OH 2.56
AN /
C=C 1.32 —0OR 2.36
/ N\
—C=C— 1.44 —OCOR 313
—CegHs 1.85 —OCgH5 323
Bonded to nitrogen and sulfur Bonded to halogen
—NR» 157 —F 4.00
—NHCOR 2.27 —Cl 2.53
—NO, 3.80 —Br 233
—SR 1.64 —I 1.82
Ketones Derivatives of carboxylic acids
—COR 1.70 —COOR 1.55
—COCgHs 1.84 —CONR, 1.59
—C=N 1.70

Example Calculations

The formula allows you to calculate the approximate chemical-shift values for protons (*H) based
on methane (0.23 ppm). Although it is possible to calculate chemical shifts for any proton (methyl,
methylene, or methine), agreement with actual experimental values is best with disubstituted

compounds of the type X—CH>—Y or X—CH>—X.

Cl—CH,—Cl

CeHs—CHo—O—C—CH,

CeHs—CHo—C—0—CH,

CHa—CH,—CH,—NO,

On =0.23+2.53 + 2.53=5.29 ppm; actual = 5.30 ppm
0n =0.23+1.85+ 3.13=5.21 ppm; actual = 5.10 ppm

0 =0.23+ 1.85+ 1.55 = 3.63 ppm; actual = 3.60 ppm

O0n =0.23+ 3.80 + 0.47 = 4.50 ppm,; actual = 4.38 ppm
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TABLE A6.2

TH CHEMICAL-SHIFT CALCULATIONS FOR SUBSTITUTED ALKENES

Rtrans \ / Rgem
c=C
/ AN 6H ppm = 5.25+ 6gem + 5cis + 6trans
Rcis H

Substituents (—R) Ogem Ocis Otrans
Saturated carbon groups
Alkyl 0.44 —-0.26 -0.29

—CH,—0O— 0.67 —-0.02 —-0.07
Aromatic groups

—CgHs 135 0.37 -0.10
Carbonyl, acid derivatives, and nitrile

COR 1.10 1.13 0.81

—COOH 1.00 135 0.74

—COOR 0.84 1.15 0.56

—C=N 0.23 0.78 0.58
Oxygen groups

—OR 1.18 -1.06 -1.28

—OCOR 2.09 —-0.40 —-0.67
Nitrogen groups

—NR; 0.80 -1.26 -1.21

—NO, 1.87 1.30 0.62
Halogen groups

—F 154 —-0.40 -1.02

—Cl 1.08 0.19 0.13

—Br 1.04 0.40 0.55

—I 1.14 0.81 0.88

Example Calculations

Htrans\ /ngm

AN
Heis Oo— C”:_CHE

Hgem =5.25+2.09 = 7.34 ppm; actual = 7.25 ppm
Hcis =5.25-0.40 = 4.85 ppm; actual = 4.85 ppm
Hirans = 5.25 - 0.67 = 4.58 ppm; actual = 4.55 ppm

Hgem =5.25+ 0.84=6.09 ppm; actual = 6.14 ppm
Heis =5.25+ 1.15=6.40 ppm; actual = 6.42 ppm
Hirans = 5.25 + 0.56 = 5.81 ppm,; actual = 5.82 ppm



CeHs Ha
c=cC
Hy C—O—CHj
g

TABLE A6.3

Appendix 6

Ogem for —COOR = 0.84
Ha 3 &is for —CgHs5=0.37
H,=5.25+0.84 + 0.37 = 6.46 ppm;
actual = 6.43 ppm

Ogem for —CgHs=1.35

Hp 7 &is for —COOR = 1.15
H,=525+1.35+1.15=7.75 ppm;
actual = 7.69 ppm

TH CHEMICAL-SHIFT CALCULATIONS FOR SUBSTITUTED BENZENE RINGS

A-19

R
Hortho
On ppm=7.27+28
Hmeta
Hpara

Substituents (—R) Oortho Ometa ‘spara
Saturated carbon groups
Alkyl -0.14 —0.06 -0.17

—CH,OH —-0.07 -0.07
Aldehydes and ketones

—CHO 0.25 0.35

—COR 0.14 0.21
Carboxylic acids and derivatives

—COOH 0.18 0.34

—COOR 0.10 0.21

—C=N 0.18 0.30
Oxygen groups

—OH -0.17 —-0.45

—OCH3 -0.09 -0.44

—OCOCH3 -0.03 -0.19
Nitrogen groups

—NH, -0.25 —-0.65

—NO, 0.26 0.38
Halogen groups

—F -0.02 -0.23

—C1 —-0.02 —-0.09

—Br —0.08 -0.04

—I -0.23 -0.01
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Example Calculations

The formula allows you to calculate the approximate chemical-shift values for protons (*H) on a
benzene ring. Although the values given in the table are for monosubstituted benzenes, it is possible
to estimate chemical shifts for disubstituted and trisubstituted compounds by adding values from
the table. The calculations for meta- and para-disubstituted benzenes often agree closely with
actual values. More significant deviations from the experimental values are expected with ortho-
disubstituted and trisubstituted benzenes. With these types of compounds, steric interactions cause
groups such as carbonyl and nitro to turn out of the plane of the ring and thereby lose conjugation.
Calculated values are often lower than the actual chemica shifts for ortho-disubstituted and

trisubstituted benzenes.

O\c _O—CH;

Hortho

H meta

Hpara

Cl

Ha NO,

Hortho = 7.27 + 0.71 = 7.98 ppm; actual = 8.03 ppm
Hmeta = 7.27 + 0.10 = 7.37 ppm; actual = 7.42 ppm
Hpara = 7.27 + 0.21 = 7.48 ppm,; actual = 7.53 ppm

Oortho for —Cl = 0.03
Ometa fOr —NO, = 0.26
Ha=7.27 + 0.03 + 0.26 = 7.56 ppm; actual = 7.50 ppm

Ometa for —Cl =-0.02
Oortho for —NO, = 0.95
Hp=7.27 — 0.02 + 0.95 = 8.20 ppm; actual = 8.20 ppm

Ometa fOr —Cl =-0.02
Ometa fOr —NO, = 0.26
Ha=7.27-0.02 + 0.26 = 7.51 ppm; actual = 7.51 ppm

Oortho for —Cl =0.03
Opara fOr —NO, =0.38
Hp=7.27 + 0.03 + 0.38 = 7.68 ppm; actual = 7.69 ppm

Opara for —Cl =-0.09
5ortho for —NO, =0.95
He=7.27-0.09 + 0.95 = 8.13 ppm; actual = 8.12 ppm

Oortho for —Cl =0.03
5ortho for _N02 =0.95
Hg=7.27 + 0.03 + 0.95 = 8.25 ppm; actual = 8.21 ppm



APPENDIX 7

Appendix 7

A-21

Approximate '>C Chemical-Shift Values (ppm)
for Selected Types of Carbon

Types of Carbon Range (ppm) Types of Carbon Range (ppm)
R—CHjs 8-30 c=C 65-90
RCH» 1555 C=C 100-150
R3;CH 2060 C=N 110-140
C—l 0-40 110-175
T ?

C—Br 2565 R-C-OR, R-C-OH 155-185

I
C—N 30-65 R-C—-NH, 155-185
I

C-Cl 35-80 R-C-CI 160-170
T 9

Cc-0O 40-80 R-C-R, R-C-H 185-220
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APPENDI X 8

Calculation of 13C Chemical Shifts

TABLE A8.1
13C CHEMICAL SHIFTS OF SELECTED HYDROCARBONS (PPM)

Compound Formula C1 C2 c Cc4 c5
Methane CH,4 -2.3

Ethane CH3CH3 5.7

Propane CH3CH,CH3 15.8 16.3

Butane CH3CH,CH,CH3 134 25.2

Pentane CH3CH,CH,CH,CH3 13.9 22.8 34.7

Hexane CH3(CH»)4CH3 14.1 23.1 32.2

Heptane CH3(CH5)sCH3 14.1 23.2 32.6 29.7

Octane CH3(CH,)sCH3 14.2 23.2 32.6 29.9

Nonane CH3(CH»),CH3 14.2 233 32.6 30.0 30.3
Decane CH3(CH5)gCH3 14.2 23.2 32.6 31.1 30.5
2-Methylpropane 245 254

2-Methylbutane 22.2 31.1 32.0 117
2-Methylpentane 22.7 28.0 42.0 20.9 14.3
2,2-Dimethylpropane 317 28.1

2,2-Dimethylbutane 291 30.6 36.9 89
2,3-Dimethylbutane 195 34.4

Ethylene CH,=CH, 123.3

Cyclopropane -3.0

Cyclobutane 224

Cyclopentane 25.6

Cyclohexane 26.9

Cycloheptane 284

Cyclooctane 26.9

Cyclononane 26.1

Cyclodecane 25.3

Benzene 128.5




TABLE A8.2
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13C CHEMICAL-SHIFT CALCULATIONS FOR LINEAR AND BRANCHED ALKANES

0c=-23+910+9.48-25y+0.36+ 0.1l + X (steric corrections) ppm

a, B, 7, 9, and ¢ are the numbers of carbon atomsin the ¢, S, % 6, and € positions relative to the carbon

atom being observed.

Steric corrections are derived from the following table (use al that apply, even if they apply more than

once).

Steric Corrections (ppm)

Type of Carbons Attached

Carbon Atom

Observed Primary Secondary Tertiary Quaternary
Primary 0 0 -11 -34
Secondary 0 0 -25 -7.5
Tertiary 0 3.7 -85 -10.0
Quaternary -15 -84 -10.0 -12.5
Example
CH, Actual values: C1 29.1 ppm
12 3 a4 C2 30.6 ppm
CH3 ? CH,—CH, C3 36.9ppm
CHs 2,2-Dimethylbutane C4  89ppm

Cl=-2.3+9.1(1) + 9.4(3) — 2.5(1) + 0.3(0) + 0.1(0) + [1(—3.4)] = 29.1 ppm
Steric correction (boldface) = primary with 1 adjacent quaternary

C2=-2.3+9.1(4) + 9.4(1) — 2.5(0) + 0.3(0) + 0.1(0) + [3(-1.5)] + [1(-8.4)] = 30.6 ppm
Steric corrections = quaternary/3 adj. primary, and quaternary/1 adj. secondary

C3=-2.3+9.1(2) + 9.4(3) — 2.5(0) + 0.3(0) + 0.1(0) + [1(0)] + [1(-7.5)] = 36.6 ppm
Steric corrections = secondary/1 adj. primary, and secondary/1 adj. quaternary

C4=-2.3+9.1(1) + 9.4(1) — 2.5(3) + 0.3(0) + 0.1(0) + [1(0)] = 8.7 ppm

Steric correction = primary/1 adj. secondary
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TABLE A8.3
13C SUBSTITUENT INCREMENTS FOR ALKANES AND CYCLOALKANES (PPM)?
Y

Terminal: Y—C,—Cp—C, Internal: C,—Cz—C,—C3—C,
Substituent Y o B ¥ o B ¥
—-D -04 -0.1 0
—CHs 9 10 -2 6 8 -2
—CH=CH, 19.5 6.9 -21 -0.5
—C=CH 4.5 54 -35 -35
—CeHs 221 9.3 -2.6 17 7 -2
—CHO 299 -0.6 =27
—COCH3 30 1 -2 24 1 -2
—COOH 20.1 2 -2.8 16 2 -2
—COOR 22.6 2 -2.8 17 2 -2
—CONH, 22 25 -3.2 -0.5
—CN 31 24 -33 1 3 -3
—NH, 29 11 -5 24 10 -5
—NHR 37 8 -4 31 6 -4
—NRz 42 6 -3 -3
—NO, 61.6 31 -4.6 57 4
—OH 48 10 -6.2 41 8 -5
—OR 58 8 -4 51 5 —4
—OCOCH; 56.5 6.5 —-6.0 45 5 -3
—F 70.1 7.8 -6.8 63 6 —4
—Cl 31 10 -51 32 10 -4
—Br 20 11 -3 25 10 -3
—I —7.2 10.9 -15 4 12 -1
aAdd these increments to the values given in Table A8.1.



Appendix8  A-25

Example 1
1 2 3 4
CH3—(|3H—CH2—CH3 2-Butanol
OH

Using the values for butane listed in Table A8.1 and the internal substituent corrections from Table
A8.3, we calculate:

Actual value
Cl=134+ 8=21.4ppm 22.6 ppm
C2=252+ 41=066.2ppm 68.7 ppm
C3=252+ 8=33.2ppm 32.0 ppm
C4=134+ (-5 = 8.4ppm 9.9 ppm

Example 2

1 2 3 4
HO—CH,—CH,—CH,—CH; 1-Butanol

Using the values for butane listed in Table A8.1 and the terminal substituent corrections from Table
A8.3, we calculate:

Actual value

Cl=134+ 48=614ppm 61.4 ppm
C2=252+ 10=352ppm 35.0 ppm
C3=25.2+(—6.2) = 19.0 ppm 19.1 ppm
C4=134 =13.4 ppm 13.6 ppm

Example 3

1 2 3
Br—CH,—CH,—CH; 1-Bromopropane

Using the values for propane listed in Table A8.1 and the terminal substituent corrections from
Table A8.3, we calculate:

Actual value
C1=158+ 20=235.8ppm 35.7 ppm
C2=16.3+ 11=27.3ppm 26.8 ppm

C3=15.8+(-3)=12.8 ppm 13.2 ppm
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TABLE A8.4
13C SUBSTITUENT INCREMENTS FOR
ALKENES (PPM)*"b

1 2

Y—C=C—X

1
Substituent Y X
—H 0 0
—CH3 12.9 -7.4
—CH,CH3 19.2 9.7
—CH,CH5CH3 15.7 -8.8
—CH(CH3), 22.7 -12.0
—C(CHa3)3 26.0 -14.8
—CH=CH> 13.6 -7
—CgHs 125 -11
—CH,CI 10.2 -6.0
—CH.Br 10.9 -4.5
—CH,l 14.2 -4.0
—CH,OH 14.2 -84
—COOH 5.0 9.8
—NO, 22.3 -0.9
—OCH3 29.4 -38.9
—OCOCH3 184 —26.7
—CN -15.1 14.2
—CHO 15.3 145
—COCH3 13.8 4.7
—COClI 8.1 14.0
—Si(CHy)3 16.9 6.7
—F 24.9 -34.3
—Cl 2.6 -6.1
—Br -8.6 -09
—I -38.1 7.0
aCorrections for C1; add these increments to the
base value of ethylene (123.3 ppm).
bCalculate C1 as shown in the diagram. Redefine
C2 as C1 when estimating values for C2.
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Example 1

1 2 3
Br—CH=CH—CH3; 1-Bromopropene

Actual values

cis trans
C1=123.3+(-8.6) + (-7.4) = 107.3 ppm 108.9 104.7 ppm
C2=1233+ 129+ (-0.9)=135.3 ppm 129.4 132.7 ppm

Example 2

1 2 3 4 o
HOOC—CH=CH—CH; Crotonic acid

Actual value (trans)

C2=1233+ 5+ (-7.4)=120.9 ppm 122.0 ppm
C3=1233+129+ 9.8 =146.0 ppm 147.0 ppm

TABLE A8.5
13C CHEMICAL-SHIFT CALCULATIONS FOR LINEAR AND BRANCHED ALKENES?

A-27

Oc1=123.3+[10.6a+ 7.28—1.5y] — [7.9¢" + 1.83" — 1.5¢’] + X (steric corrections)

o, B,y and o', B’, v’ are the numbers of carbon atomsin those same positions relative to C1:
1 2
Cy—Cp—Ca—C=C—Ca'—Cp'—Cy’
t

Steric corrections are applied as follows (use al that apply):

Coand Co’” aretrans (E-configuration) 0

Coaand Co’ are cis (Z-configuration) -1.1
Two alkyl substituents at C1 (two Ca) -4.8
Two alkyl substituents at C2 (two Cax”) +2.5
Two or three alkyl substituents at C3 +2.3

aCalculate C1 as shown in the diagram. Redefine C2 as C1 when calculating values for C2.
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Example 1

1 2 3 4
CH3—C|Z=CH—CH3 2-Methyl-2-butene

CHs,

Actual value

C2=123.3+[10.6(2)] — [7.9(1)] + [(-4.8) + (-1.1)] = 130.7 ppm 131.4 ppm
C3=123.3+[10.6(2)] - [7.9(2)] + [(+2.5) + (-1.1)] = 119.5 ppm 118.7 ppm

Example 2
1 2 3 4 5
CH2=CH—(|3H—CH2—CH3 3-Methyl-1-pentene
CH;
Actual value
C1=1233+[0] - [7.9(2) + 1.8(2) — 1.5(1)] =113.3 ppm 112.9 ppm

C2=123.3+[10.6(1) + 7.2(2) — 1.5(2)] — [O] + [(+2.3)] = 149.1 ppm 144.9 ppm

Example 3

1 2 3 4
CHy;—CH=—CH—CH, 2-Butene

Actual value

C2 (cisisomer) = C3=123.3+[10.6(1)] - [7.9(1)] + [(-1.1)] = 124.9 ppm 124.6 ppm
C2 (trans isomer) = C3=123.3+ [10.6(1)] - [7.9()] +[0] = 126.0 ppm 126.0 ppm
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TABLE A8.6
13C SUBSTITUENT INCREMENTS FOR ALKENE (VINYL) CARBONS?P

A-29

y—ﬁ—a\ P —B'—y

Cc=C
o o’

Substituent o B Y a’ Y
Carbon 10.6 7.2 -15 -7.9 -15
—CgHs 12 -11

—OR 29 2 -39

—OCOR 18 =27

—COR 15 6

—COOH 4 9

—CN -16 15

—Cl 3 il —6

—Br -8 0 -1

=l -38 7

Example 1

Example 2

1 2 3
Br—CH=CH—CH; 1-Bromopropene

Actual values

cis trans
Cl1=1233-8-7.9 =107.4ppm 108.9 104.7 ppm
C2=1233+10.6-1=132.9 ppm 129.4 132.7 ppm

CHs

| I
CHy—C—CH—C—CH; Maesityl oxide
5 4 3 2 1

Actual value

C3=1233+15-7.9-7.9 =1225ppm 124.3 ppm
C4=123.3+10.6+ 10.6 + 6= 150.5 ppm 154.6 ppm

2In the upper chains, if a group is in the S or y position, the preceding atoms (¢ and/or f3) are assumed to be carbon
atoms. Add these increments to the base value of ethylene (123.3 ppm).

bCalculate C1 as shown in the diagram. Redefine C2 as C1 when estimating values for C2.
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TABLE A8.7

13C SUBSTITUENT INCREMENTS FOR BENZENE RINGS (PPM)?

Substituent Y o (ipso) o (ortho) m (meta) p (para)
—CHs 9.3 0.7 -01 -29
—CH,CH3 117 -0.5 0 -2.6
—CH(CH,)» 20.1 -2.0 -0.3 -25
—C(CH3)3 18.6 -34 -0.4 -3.1
—CH=CH, 9.1 -2.4 0.2 -0.5
—C=CH -6.2 3.6 -04 -0.3
—CeHs 8.1 -11 -05 -1.1
—CHO 8.2 1.2 0.6 5.8
—COCH3 8.9 -0.1 -0.1 4.4
—COCgHs 9.1 15 -0.2 3.8
—COOH 2.1 1.6 -0.1 5.2
—COOCH; 2.0 12 -0.1 4.3
—CN -16.0 3.6 0.6 4.3
—NH> 18.2 -13.4 0.8 -10.0
—N(CHa) 16.0 -15.7 0.8 -105
—NHCOCH3 9.7 -8.1 0.2 -4.4
—NO, 19.6 -4.9 0.9 6.0
—OH 28.8 -12.7 1.6 -7.3
—OCH3 335 -14.4 1.0 7.7
—OCOCH; 22.4 -7.1 -04 -3.2
=F 33.6 -13.0 16 -4.5
—Cl 53 04 14 -1.9
—Br -54 34 2.2 -1.0
= -31.2 8.9 16 -11

aAdd these increments to the base value for benzene-ring carbons (128.5 ppm).
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Example 1
CH, Mesitylene
1 Observed
6 2 C1,C3,C5=1285+9.3-0.1-0.1=137.6 ppm 137.4 ppm
5 3 C2,C4,C6=1285+0.7+0.7—-2.9=127.0 ppm 127.1 ppm
H,C CHj,
4
Example 2
O _H Salicylaldehyde
Observed
1 OH Cl=1285+ 8.2-12.7=124.0 ppm 121.0 ppm
6 2 C2=1285+28.8+ 1.2=158.5ppm 161.4 ppm
5 3 C3=1285-12.7+ 0.6=116.4ppm 117.4 ppm
C4=1285+ 1.6+ 5.8=135.9ppm 136.6 ppm
4 C5=1285- 7.3+ 0.6=121.8ppm 119.6 ppm
C6=1285+ 1.2+ 1.6=131.3ppm 133.6 ppm
Example 3
OH 4-Nitrophenol
1 Observed
2 C1=128.5+28.8+ 6.0=163.3 ppm 161.5 ppm
3 C2=1285-12.7+0.9=116.7 ppm 115.9 ppm
1 C3=1285+ 1.6-4.9=125.2 ppm 126.4 ppm
C4=1285+19.6 + 7.3 =140.8 ppm 141.7 ppm
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APPENDIX 9

13C Coupling Constants

13C—proton coupling constants (1J)

sp2¥C—H  115-125Hz
sp?3C—H  150-170Hz
sp B°C—H 250270 Hz

13C—deuterium coupling constants (1J)
BC-D  20-30Hz

13Cluorine coupling constants (*J)
BBC—-F  165-370Hz

Example

C1 162.9 ppm, doublet, 1J= 245 Hz
C2 115.3 ppm, doublet, 2J=20.7 Hz
C3129.9 ppm, doublet, 3J= 8.5 Hz
C4 124.0 ppm, doublet, 1= 2.5 Hz

13C—phosphorus coupling constants (1)
BC—P  48-56Hz

Example
(CH3—CHy) 4P X~

13C—phosphorus coupling constants (1)
1BC-P  143Hz

o)
|

13C—proton coupling constants (2J)
83C-C-H  0-60Hz

13Cfluorine coupling constants (2J)
BBC-C-F  1845Hz

C1 = 84.2 ppm, doublet, 1= 165 Hz
C2 =30.2 ppm, doublet, 2J=19.5 Hz
C3=27.4 ppm, doublet, 3J=6.1 Hz
C4 =224 ppm, singlet, #J= 0 Hz
C5=13.9 ppm, singlet, >J=0 Hz

13C—phosphorus coupling constants (2J)
83C-C-P 46Hz

13C—phosphorus coupling constants (2J and 3J)
Bc-o-pP 6-7 Hz
3C-C-0-P 6-7Hz

CH3— I|:>—O—CH2—CH3

i

CH,—CHj
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APPENDIX 10

TH and '3C Chemical Shifts for Common NMR Solvents

TABLE A10.1
TH CHEMICAL-SHIFT VALUES (PPM) FOR SOME COMMON NMR SOLVENTS

Solvent Deuterated Form Chemical Shift (Multiplicity)?
Acetone Acetone-dg 2.05(5)
Acetonitrile Acetonitrile-ds 1.93(5)
Benzene Benzene-dg 7.15 (broad)
Carbon tetrachloride — —
Chloroform Chloroform-d 7.25(1)
Dimethylsulfoxide Dimethylsulfoxide-dg 2.49 (5)
Water Deuterium oxide 4.82 (1)
Methanol Methanol-d, 4.84 (1) hydroxyl
3.30 (5) methyl
Methylene chloride Methylene chloride-d, 5.32(3)

aWhere multiplets apply, the center peak is given and the number of lines is indicated in parentheses. No proton
peak should be observed in the completely deuterated solvents listed. However, multiplets will arise from coupling
of a proton with deuterium because the solvents are not 100% isotopically pure. For example, acetone-dg has a
trace of acetone-ds in it, while CDCI3 has some CHCI; present.

TABLE A10.2
13C CHEMICAL-SHIFT VALUES FOR SOME COMMON NMR SOLVENTS (PPM)

Solvent Deuterated Form Chemical Shift (Multiplicity)?
Acetone Acetone-dg 206.0 (1) carbonyl
29.8 (7) methyl
Acetonitrile Acetonitrile-ds 118.3(1) CN
1.3(7) methyl
Benzene Benzene-dg 128.0 (3)
Chloroform Chloroform-d 77.0 (3)
Dimethylsulfoxide Dimethylsulfoxide-dg 39.5(7)
Dioxane Dioxane-dg 66.5 (5)
Methanol Methanol-d, 49.0 (7)
Methylene chloride Methylene chloride-d, 54.0 (5)

2Where multiplets apply, the center peak is given and the number of lines is indicated in parentheses. These multiplets
arise from the coupling of carbon with the deuterium.
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APPENDIX 11

Tables of Precise Masses and Isotopic Abundance Ratios for
Molecular lons under Mass 100 Containing Carbon, Hydrogen,
Nitrogen, and Oxygen?

Precise Mass M+1 M+ 2
16
CHy4 16.0313 115
17
NH3 17.0266 043
18
H,O 18.0106 0.07 0.20
26
C,H, 26.0157 219 0.01
27
CHN 27.0109 148
28
N> 28.0062 0.76
(6(0) 27.9949 112
CoH, 28.0313 2.23 0.01
29
CH3N 29.0266 151
30
CH.O 30.0106 1.15 0.20
C,Hg 30.0470 2.26 0.01
31
CHsN 31.0422 154
32
O, 31.9898 0.08 0.40
NoH4 32.0375 0.83
CH40 32.0262 1.18 0.20
40
C3Hgy 40.0313 331 0.04
41
C,oHsN 41.0266 2.59 0.02
42
CH,N» 42.0218 1.88 0.01
C;HO 42.0106 2.23 0.21
CsHg 42.0470 334 0.04
aAdapted with permission from Beynon, J. H., Mass Spectrometry and Its Application to Organic Chemistry, Elsevier,
Amsterdam, 1960. The precise masses are calculated on the basis of the most abundant isotope of carbon having a mass
of 12.0000.
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Precise Mass M+ 1 M+ 2

43

CH3N» 43.0297 1.89 0.01
C,HsN 43.0422 2.62 0.02
a4

N,O 44,0011 0.80 0.20
CO, 43.9898 1.16 0.40
CH4N» 44,0375 1.91 0.01
C,H,O 44.0262 2.26 0.21
C3Hg 44.0626 3.37 0.04
45

CH3NO 45.0215 155 0.21
C,H,N 45.0579 2.66 0.02
46

NO, 45,9929 0.46 0.40
CH,0, 46.0054 1.19 0.40
CH4NO 46.0293 157 0.21
CHgN» 46.0532 1.94 0.01
C,HsO 46.0419 2.30 0.22
47

CHsNO 47.0371 158 0.21
48

Oz 47.9847 0.12 0.60
CH,0, 48.0211 1.22 0.40
52

C4H4 52.0313 4.39 0.07
53

C3H3N 53.0266 3.67 0.05
54

C,5HoN» 54.0218 2.96 0.03
C3HO 54.0106 331 0.24
C4Hg 54.0470 4.42 0.07
55

C,HNO 55.0058 2.60 0.22
C3HsN 55.0422 3.70 0.05
56

CoH4N, 56.0375 2.99 0.03
C3H,O 56.0262 3.35 0.24
C4Hs 56.0626 4.45 0.08
57

CH3N3 57.0328 2.27 0.02
C,H3NO 57.0215 2.63 0.22
CsH/N 57.0579 3.74 0.05




A-36  Appendix 11

Precise Mass M+ 1 M+ 2

58

CH,N,0 58.0167 1.92 0.21
C,H,0, 58.0054 2.27 0.42
CoHgN»> 58.0532 3.02 0.03
CsHgO 58.0419 3.38 0.24
C4H1o 58.0783 4.48 0.08
59

CHNO, 59.0007 1.56 0.41
CHsN3 59.0484 2.31 0.02
C,HsNO 59.0371 2.66 0.22
C3HgN 59.0736 3.77 0.05
60

CH4N,0 60.0324 1.95 0.21
CoH40, 60.0211 2.30 0.04
CoHgN»> 60.0688 3.05 0.03
CsHgO 60.0575 341 0.24
61

CH3NO, 61.0164 1.59 0.41
CH;N3 61.0641

C,H,NO 61.0528 2.69 0.22
62

CH,03 62.0003 1.23 0.60
CHgN>O 62.0480 1.98 0.21
CoHgO» 62.0368 2.34 0.42
63

CHsNO, 63.0320 1.62 0.41
64

CH,03 64.0160 1.26 0.60
66

CsHg 66.0470 5.50 0.12
67

C4HsN 67.0422 4,78 0.09
68

C3H4N» 68.0375 4.07 0.06
C4H.O 68.0262 4.43 0.28
CsHg 68.0626 5.53 0.12
69

CoH3N3 69.0328 3.35 0.04
C3H3NO 69.0215 3.71 0.25
C4H-N 69.0579 4.82 0.09
70

C,H.NL0O 70.0167 3.00 0.23
C3H,0, 70.0054 3.35 0.44
C3HgN» 70.0532 4.10 0.07
C4HsO 70.0419 4.46 0.28
CsH1o 70.0783 5.56 0.13
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Precise Mass M+ 1 M+ 2

71

C,HNO, 71.0007 2.64 0.42
C,5HsN3 71.0484 3.39 0.04
C3HsNO 71.0371 3.74 0.25
C4HgN 71.0736 4.85 0.09
72

C5H4NO 72.0324 3.03 0.23
C3H405 72.0211 3.38 0.44
C3HgN>» 72.0688 4.13 0.07
C,HgO 72.0575 4.49 0.28
CsH1o 72.0939 5.60 0.13
73

C,H3NO, 73.0164 2.67 0.42
C,H7N3 73.0641 3.42 0.04
C3H,NO 73.0528 3.77 0.25
C,H11N 73.0892 4.88 0.10
74

C,H,05 74.0003 231 0.62
C5HgNO 74.0480 3.06 0.23
C3HgO» 74.0368 342 0.44
CsHqoN> 74.0845 417 0.07
C,H100 74.0732 452 0.28
75

CHNO;3 74.9956 1.60 0.61
C,HsNO, 75.0320 2.70 0.43
C5HgN3 75.0798 3.45 0.05
C3HgNO 75.0684 3.81 0.25
76

CoH403 76.0160 2.34 0.62
C,HgN>O 76.0637 3.09 0.24
C3HgO» 76.0524 3.45 0.44
77

CH3NO; 77.0113 1.63 0.61
C,H,NO, 77.0477 2.73 0.43
78

CoHgO3 78.0317 2.38 0.62
CsHs 78.0470 6.58 0.18
79

CHs5NO; 79.0269 1.66 0.61
CsHsN 79.0422 5.87 0.14
80

CsHs 80.0626 6.61 0.18
81

CsH-N 81.0579 5.90 0.14
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Precise Mass M+ 1 M+ 2

82

C4HgN» 82.0532 4.18 0.11
CsHgO 82.0419 5.54 0.32
CeH1o 82.0783 6.64 0.19
83

C3HsN3 83.0484 4.47 0.08
C4HsNO 83.0371 4.82 0.29
CsHoN 83.0736 5.93 0.15
84

C3H4NL0 84.0324 411 0.27
C4H.0, 84.0211 4.47 0.48
C4HgN» 84.0688 5.21 0.11
CsHsO 84.0575 5.57 0.33
CeH1o 84.0939 6.68 0.19
85

C3H3NO, 85.0164 3.75 0.45
C3H/N3 85.0641 450 0.08
C4H,NO 85.0528 4.86 0.29
CsH14N 85.0892 5.96 0.15
86

C3H,03 86.0003 3.39 0.64
C3HgNO 86.0480 4.14 0.27
C4Hg0> 86.0368 4,50 0.48
C4H1oN> 86.0845 5.25 0.11
CsH100 86.0732 5.60 0.33
CeH1a 86.1096 6.71 0.19
87

C,HNO; 86.9956 2.68 0.62
C3HsNO, 87.0320 3.78 0.45
C3HoN3 87.0798 453 0.08
C4HgNO 87.0684 4.89 0.30
CsHqsN 87.1049 5.99 0.15
88

C3H4O3 88.0160 3.42 0.64
C3HgN,O 88.0637 4.17 0.27
C4Hg0O» 88.0524 453 0.48
C4H1oN> 88.1001 5.28 0.11
CsH1,0 88.0888 5.63 0.33
89

C,H3NO; 89.0113 2.71 0.63
C3H,NO, 89.0477 3.81 0.46
C3H11N3 89.0954 4.56 0.84
C,H11NO 89.0841 492 0.30
90

C3HgO3 90.0317 3.46 0.64
C3H1oN>O 90.0794 4.20 0.27
C4H1005 90.0681 4.56 0.48
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Precise Mass M+ 1 M+ 2

91

C,HsNOs 91.0269 2.74 0.63
C,HgN3O 91.0746 3.49 0.25
C3HgNO, 91.0634 3.85 0.46
92

C3HgOs3 92.0473 3.49 0.64
C/Hg 92.0626 7.69 0.26
93

C,H,NO3 93.0426 2.77 0.63
CgH7N 93.0579 6.98 0.21
94

CsHgN» 94.0532 6.26 0.17
CeHsO 94.0419 6.62 0.38
C/H1o 94.0783 7.72 0.26
95

C4HsN3 95.0484 5.55 0.13
CsHsNO 95.0371 5.90 0.34
CgHoN 95.0736 7.01 0.21
96

C,4H4N50 96.0324 5.19 0.31
CsH405 96.0211 5.55 0.53
CsHgN» 96.0688 6.29 0.17
CgHsO 96.0575 6.65 0.39
C/Hqo 96.0939 7.76 0.26
97

C,H3NO, 97.0164 4.83 0.49
C4H7N3 97.0641 5.58 0.13
CsH,NO 97.0528 5.94 0.35
CeH11N 97.0892 7.04 0.21
98

C4HgN>0 98.0480 5.22 0.31
CsHgOs 98.0368 5.58 0.53
CsH1oN> 98.0845 6.33 0.17
CgH100 98.0732 6.68 0.39
C/Hua 98.1096 7.79 0.26
99

C,HsNO, 99.0320 4.86 0.50
C4HoN3 99.0798 5.61 0.13
CsHgNO 99.0684 5.97 0.35
CgH1sN 99.1049 7.07 0.21
100

C4HgN>O 100.0637 5.25 0.31
CsHgO5 100.0524 5.61 0.53
CsH1oN>» 100.1001 6.36 0.17
CgH120 100.0888 6.72 0.39
C/H46 100.1253 7.82 0.26
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APPENDIX 12

Common Fragment lons under Mass 105°

m/z lons m/z lons
14 CHz 44 CH,CH=0O+H
15 CH3 CH3CHNH>
16 (@) CO,

17 OH NH,C=0
18 HO (CH3)2N
NH4 45 CH3CHOH
19 E CH,CH,0OH
H3O CH,OCH3
26 C=N
27 CoHsz C—OH
28 CoHy
CH;CH-O+H
CcO
i 46 NO,
N, (air)
47 CH,SH
CH=NH
CH3S
29 CoHs
48 CHsS+H
CHO
49 CH,CI
30 CHoNH,
51 CHF,
NO
C4H3
31 CH,OH
53 C4Hs
OCH3
32 O, (ar)
55 C4H7
33 SH
CH,=CHC=0
CH,F
56 C4Hsg
34 H.S
57 C4Ho
35 Cl
C,HsC=0
36 HCI 58 CHo—C—0
39 CsHs o +H
40 C=N CH 2
41 CsHs C,HsCHNH,
CHC=H +H (CHz),NHCH,
C2HNH C,HsNHCH,
42 C3H6 C2H2$
43 C3H7
CH3C=0
C,HsN
aAdapted with permission from Silverstein, R. M. and F. X. Webster, Spectrometric |dentification of Organic
Compounds, 6th ed., John Wiley & Sons, New York, 1998.
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m/z lons m/z lons

59 (CH3),COH 74 o)
CHOCHs CHz—g—OCH3 + H
ﬁ) 75 (")

C—OCHs C—OCHs + 2H
NHZ?_O + H CH,SCyHs

CH, (CH3),CSH
CH3OCHCH35 (CH30).CH
CH3CHCH,0H 77 CeHs

60 CH2(|3=O . 78 CeHs + H

OH 79 CeHs+ 2H
CH,ONO =

61 80 CH3SS+H
C"Z—OCH3 + 2H o Cells
CH,CH,SH
CH,SCH3

65 H

82 CH,CH,CH,CH,C=N
ccl,
(or CsHs) CeHio
59 HH 83 CoHur
4 CHCl,
(or CaHe) 85 CeH1s

67 CsH- CaHaC=0

68 CH,CH,CH,C=N CaF,

69 CsHg 8 ”

CFs CsH,C—CH, + H
CH3CH=CHC=0 C4HoCHNH, and isomers
CH,=C(CH3)C=0 87 o)

W S Cano

& Cofta Homologs of 73
G C=0 CH,CH,COCH,

72 " I
C,HsC—CH, . o
CsH,CHNH, I
(CHsN=C—O CH,—C—OC,Hs + H
C,HsNHCHCH3 and isomers

73 Homologs of 59
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m/z lons m/z lons
89 i) 94 o)
C—OCzH; + 2H + H
C
9 CH,CH,CH,CH,CH,C=N
97 C7H13
99 C,H
9  CHsCHONO, s
CeH1,0
/\|/CH 100
[
\/ C4H9C_CH2 ar H
CsH1,CHNH
91 CH H 5111 2
AN 101
| or M
SN C—OC,H,
102 :
CH
/\|/ . CH,C—OCgH; + H
103 0
N I
~_C C—OC,Hy + 2H
| + 2H C5H11$
G CH(OCH,CHa)»
104 C,HsCHONO,
(CHL).LCI 105 =
N /\| _C=0
©/ N
9 CH, PN _CH,CH,
- |
S | N
N _~_CHCH;,
CH, |
93  CH.Br
: :OH
C/Hq
@O
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A-43

A Handy-Dandy Guide to Mass Spectral Fragmentation Patterns

Alkanes
Good M*
14-amu fragments

Alkenes
Distinct M*
Loss of 15, 29, 43, and so on

Cycloalkanes
Strong M™*
Lossof CH,=CH, M-28
Loss of akyl

Aromatics
Strong M™*
C7H7+ m/z = 91, weak m/z = 65 (C5H5+)

+_CH,
Q H m/z = 92 Transfer of gamma hydrogens
H

Cl and Br doublets (M* and M + 2)
m/z=49o0r51 CH,=CI*"
m/z=930r 95 CH,=Br+

M—-36 Lossof HCI

m/z =91 or 93 N

J

m/z = 135 or 137 Br.

J

M-79(M-81) Lossof Br-
M-127 Lossof I-

Halides

Alcohols
M™* weak or absent
Loss of alkyl
CH,=OH* m/z=31
RCH=OH" m/z=45,59,73,...
R,C=OH* m/z=59,73,87,...
M-18 Lossof H,O
M —-46 Lossof H,O+ CH,=CH>
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Phenols
Strong M™*
StrongM -1 Lossof H-
M—-28 Lossof CO

Ethers
M* stronger than alcohols
Loss of alkyl
Lossof OR” M —31, M —45 M -59, and soon
CH,=OR™* m/z=45,59,73,...

Amines
M* wesak or absent
Nitrogen Rule
m/z=30 CH,=NH," (base peak)
Loss of alkyl

Aldehydes
Weak M+
M-29 Lossof HCO
M —43 Lossof CH,=CHO
m/z =44

*OH Transfer of gamma hydrogens
or 58, 72, 86, ...

Aromatic Aldehydes
Strong M™*
M-1 Lossof H-
M—-29 Lossof H-and CO

Ketones
M* intense
M—-15 M —-29,M-43, ... Lossof alkyl group
m/z = 43 CH3CO*
m/z =58, 72, 86, . .. Transfer of gamma hydrogens
m/z=55 *CH,—CH=C=0 Base peak for cyclic ketones

m/z = 83 C=0" in cyclohexanone

+

m/z = 42 _v} *in cyclohexanone

/z =105 in aryl ketones
+

m/z = 120 (")H

Transfer of gamma hydrogens
C—CH, - g yerog
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Carboxylic Acids
M™* weak but observable
M —17 Lossof OH
M —45 Lossof COOH
m/z=45 *COOH

m/z = 60 +i)H Transfer of gamma hydrogens
HO—C—CH, -

Aromatic Acids
M* large
M —17 Lossof OH
M —45 Lossof COOH
M —18 Ortho effect

Methyl Esters
M™* weak but observable
M—-31 Lossof OCHs
m/z=59 *COOCH54

m/z=74 +(")H Transfer of gamma hydrogens
CH;O0—C—CH,
Higher Esters
M* weaker than for RCOOCH4
Same pattern as in methyl esters

M-45M-59, M-73 Lossof OR
m/z =73, 87, 101 *COOR

m/z = 88, 102, 116 *OH Transfer of gamma hydrogens
RO—C—CH, -
m/z = 28, 42, 56, 70 Beta hydrogens on alkyl group
m/z = 61, 75, 89 *OH Long akyl chain
R— C”Z —OH
m/z=108 Lossof CH,=C=0O Benzyl or acetate ester

m/z = 105 .
c=0
@ +

m/z =77 weak

M-32,M—-46,M-60 ortho effect—loss of ROH

A-45
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APPENDIX 14

Index of Spectra

Infrared Spectra

Acetophenone, 59

Acetyl chloride, 72
Anisole, 51

Benzaldehyde, 57
Benzenesulfonamide, 83
Benzenesulfonyl chloride, 83
Benzenethiol, 81

Benzoic acid, 63
Benzonitrile, 78

Benzoyl chloride, 72
Benzyl isocyanate, 78
2-Butanol, 48

Butylamine, 75
Butyronitrile, 77

Carbon dioxide (background spectrum), 87
Carbon tetrachloride, 85
Chloroform, 86
para-Cresol, 48
Crotonaldehyde, 57
Cyclohexane, 33
Cyclohexene, 34
Cyclopentanone, 60
Decane, 32

Dibutyl ether, 51
Dibutylamine, 75
meta-Diethylbenzene, 44
ortho-Diethylbenzene, 44
para-Diethylbenzene, 44
Ethyl 3-aminobenzoate, 526
Ethyl butyrate, 65

Ethyl crotonate, 617

Ethyl cyanoacetate, 529
Ethyl propionate, 522
1-Hexanal, 47

1-Hexene, 34

Isobutyric acid, 63

Leucine, 81

Mesityl oxide, 59
4-Methoxyphenylacetone, 524
Methyl benzoate, 66
Methyl methacrylate, 65
Methyl p-toluenesulfonate, 83
Methyl sdlicylate, 66
3-Methyl-2-butanone, 27

N-methylacetamide, 71
N-Methylaniline, 76
Minera oil, 32
Nitrobenzene, 79
1-Nitrohexane, 79
Nonanal, 57

Nujol, 32

1-Octyne, 35
4-Octyne, 36
2,4-Pentanedione, 60
cis-2-Pentene, 34
trans-2-Pentene, 35
Propionamide, 70
Propionic anhydride, 74
Styrene, 45

Toluene, 43
Tributylamine, 75
Vinyl acetate, 66

Mass Spectra

Acetophenone, 477
p-Anisic acid, 483
Benzaldehyde, 474
Benzene, 460

Benzonitrile, 490

Benzyl alcohol, 468
Benzyl laurate, 480
Bicyclo[2.2.1] heptane, 455
1-Bromo-2-chloroethane, 496
1-Bromohexane, 492
Butane, 451

2-Butanone, 475

Butyl butyrate, 479

Butyl methacrylate, 424
Butylbenzene, 463

Butyric acid, 483
Butyrophenone, 478
1-Chloro-2-methylbenzene, 497
2-Chloroheptane, 493
Cyclohexanol, 468
Cyclohexanone, 476
Cyclopentane, 454
Dibromomethane, 495
Dichloromethane, 495



Diethylamine, 485
Diisopropyl ether, 470
Di-sec-butyl ether, 471
Dopamine, 436

Ethyl bromide, 494
Ethyl chloride, 494
Ethyl propionate, 522
2-Ethyl-2-methyl-1,3-dioxolane, 471
Ethylamine, 485
Hexanenitrile, 489
a-lonone, 458

[-lonone, 458

| sobutane, 452

Isobutyl salicylate, 482

| sopropylbenzene, 462
Lavandulyl acetate, 423
Limonene, 457
Lysozyme, 428

Methyl benzoate, 481
Methyl butyrate, 478
Methyl dodecanoate, 433
2-Methyl-2-butanol, 466
Methylcyclopentane, 455
4-Methylphenetole, 472
2-Methylphenol, 469
3-Methylpyridine, 487
Nitrobenzene, 491
1-Nitropropane, 490
Octane, 452
2-Octanone, 475
3-Pentanol, 465
1-Pentanol, 464
2-Pentanol, 465
1-Pentene, 456
(E)-2-Pentene, 457
(2)-2-Pentene, 456
1-Pentyne, 459
2-Pentyne, 460

Phenol, 469

Toluene, 461
Triethylamine, 486
2,2,4-Trimethylpentane, 453
Valeraldehyde, 473
m-Xylene, 462
o-Xylene, 461

TH NMR Spectra

Acetone-ds, 202
Acetylacetone, 339

Appendix 14

4-Allyloxyanisole, 281, 290
Anethole, 290
Anisole, 287
Benzaldehyde, 289
Benzyl acetate, 122, 123
Butyl methyl ether, 151
Butylamine, 340
Butyramide, 160
Chloroacetamide, 348
1-Chlorobutane, 149
2-Chloroethanol, 276, 334
[-Chlorophenetole, 275
a-Chloro-p-xylene, 146
trans-Cinnamic acid, 278
Citric acid, 257
Crotonic acid, 280
Diethyl succinate, 274
N,N-Dimethylformamide, 347
2,4-Dinitroanisole, 291
Ethanol, 331, 332
Ethyl 2-methyl-4-pentenoate
(in various solvents), 350
Ethyl 3-aminobenzoate, 526
Ethyl crotonate, 620
Ethyl cyanoacetate, 529
Ethyl iodide, 132
Ethyl methacrylate, 361
Ethyl propionate, 523
Ethylbenzene, 287
Ethylmalonic acid, 159
N-Ethylnicotinamide, 345
Furfuryl alcohol, 295
1-Hexanol, 353
Isobuty! acetate, 157
4-Methoxyphenylacetone, 524
2-Methyl-1-pentene, 145
2-Methyl-1-propanol, 150
5-Methyl-2-hexanone, 156
4-Methyl-2-pentanol, 254, 255
2-Methylpropanal, 155
2-Methylpyridine, 296
2-Nitroaniline, 292
3-Nitroaniline, 292
4-Nitroaniline, 292
3-Nitrobenzoic acid, 294
1-Nitrobutane, 161
2-Nitrophenol, 293
1-Nitropropane, 142
2-Nitropropane, 133
Octane, 143

A-47
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1-Pentyne, 148
2-Phenyl-4-penten-2-ol

(in various solvents), 349
Phenylacetone, 115
Phenylethyl acetate, 274
1-Phenylethylamine, 341, 355
2-Picoline, 296
Propylamine, 153
Pyrrole, 344
Styrene oxide, 258
1,1,2-Trichloroethane, 131
Valeronitrile, 154
Vinyl acetate, 279

13C NMR Spectra

Chloroform-d, 200
Citronellol, 596
Cyclohexanol, 196
Cyclohexanone, 197
Cyclohexene, 196
1,2-Dichlorobenzene, 199
1,3-Dichlorobenzene, 199
1,4-Dichlorobenzene, 199

Dimethyl methylphosphonate, 205

2,2-Dimethylbutane, 195
Dimethylsulfoxide-dg, 200
Ethyl crotonate, 618

Ethyl cyanoacetate, 529
Ethyl phenylacetate, 182
Ethyl propionate, 523
4-Methyl-2-pentanol, 253
1-Propanol, 184, 193
Toluene, 198
Tribromofluoromethane, 203
2,2,2-Trifluoroethanol, 204

COSY Spectra

Citronellol, 607

Ethyl crotonate, 621

| sopenty| acetate, 606
2-Nitropropane, 605

DEPT Spectra

Citronellol, 597
Ethyl crotonate, 618
| sopenty| acetate, 194, 595

HETCOR Spectra

Ethyl crotonate, 622

| sopenty!| acetate, 610
4-Methyl-2-pentanol, 611
2-Nitropropane, 609

NOE Difference Spectra
Ethyl methacrylate, 361

Ultraviolet-Visible Spectra

Anthracene, 409
Benzene, 404

Benzoic acid, 385
Dimethylpolyenes, 390
Isoquinoline, 410
9-Methylanthracene, 411
Naphthalene, 409
Phenol, 386

Pyridine, 410

Quinoline, 410





